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SUMMARY
The objective of this research is to investigate and demonstrate compact lab-on-a-chip
(LOC) sensor for the post translational modification (PTM) profiling of the proteins used
as biomarkers, for early cancer detection. The LOC sensor comprises of an on-chip pre-
concentration and filtering device to isolate the targeted low-abundance proteins form the
complex input samples and an integrated photonic sensor microarray for profiling the
molecular structures of the isolated protein epitopes. The motivation of this work is ex-
tracted from the inability of conventional affinity-based pre-concentration and separation
techniques for elucidating PTMs of the proteins, and the unavailability of LOC sensors for
this task. The multi-disciplinary research has been focused towards the integration of func-
tional proteomics, microfluidics, and nanofabrication, employing principles of theoretical
modeling and simulations, microfluidics, surface chemistry, and nano-optics for the real-
ization of a novel integrated LOC platform for pre-concentration, filtration, and label-free





The work presented in this dissertation is focused towards developing a compact Lab-On-
Chip (LOC) sensor for profiling of the post translational modifications (PTMs) of proteins
as a biomarker for early cancer detection. The proposed and developed LOC sensor com-
prises of a pre-concentration and filtering device to extract the low-abundant target protein
(or proteins) from the complex input biological sample, and a sensor microarray to profile
the molecular structure of the PTMs of the extracted proteins by targeting the desired set
of the PTMs epitopes.
Cancer is one of the leading cause of death in the developed countries. In the recent
years, many clinical approaches have been developed which have resulted in better prog-
nosis, if the cancer has been detected in its early stages. Many of the Cancer cases are
detected in their late stages, where the Cancer has already been spread via the metastasis.
This corresponds to poor prognosis and is a leading cause of the Cancer related fatalities.
The existing clinically approved biomarkers for cancers are proteins that are produced
through alternative pathways in the non-cancerous cells. The major limitation of these
biomarkers is the inability to provide satisfactory sensitivity and specify for the early cancer
detection. However, the production of these proteins in the cancerous cells has been done
via pathways that result in aberrant changes in the molecular structure of these proteins,
specifically to the attached glycoforms. These aberrations (glycosylation) are considered
as the PTMs, occurring mainly because of the presence of the tumor or cancer related
processes.
Prostate Cancer (PCa) is the second leading cause of deaths owing to the Cancer, in
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men, in the United States [1]. Currently, the only PCa biomarker used by the urologists
is the Prostate-Specific Antigen (PSA), along with the digital rectal examination (DRE).
However, the specificity and reliability of PSA as a biomarker for PCa has been questioned
[2],[3]. The PSA-based screening can lead to over-diagnosis and over-treatment, as the
PSA is also produced by the benign prostate hyperplasia (BPH). Recently, the American
Cancer Society (ACS) has recommended not to use the PSA screening for the PCa de-
tection. Alternate biomarkers have been being considered, such as “Early PCa” antigens
(EPCA) and EPCA-2, but the preliminary studies with these and other potential biomark-
ers, even in combination with the PSA, has not been impressive in offering a promising
alternative [4],[2]. However, the PSA is a heavily glycosylated glycoprotein and few of
the recent studies have evaluated various glycosylated forms of the PSA (termed as gly-
coforms) as a biomarkers for the PCa. The analysis of these glycoforms of the PSA from
normal and from the prostate specific cell line (LNCaP) has revealed major differences in
their glycan structures [5]. Therefore, the profiling of the PSA glycoforms can be used as
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The motivation of this work has been extracted from the lack of ability of the conven-
tional affinity-based pre-concentration and separation techniques for elucidating PTMs of
proteins. Currently, a major technique for the analysis of different glycoforms present in a
biomarker is the “mass spectroscopy” (MS). This technique employs isolation of biomarker
proteins from the patient serum for quantification and analysis of the glycoforms. How-
ever, this technique is not accessible to many general purpose diagnostic laboratories and
is impractical for the point-of-care (PoC) applications. The focus of the work is therefore,
towards the integration of the functional proteomics, microfluidics, and nanofabrication
techniques for the development of a novel integrated platform for pre-concentration, filtra-
tion, and label-free detection of proteins and biomarkers.
In this work, I have proposed and demonstrated a LOC sensing platform for profiling of
the glycoforms of protein biomarkers based on integration of 1) a compact on-chip sample
preconcentration and filtering module (Figure 1.1) that will isolate the target glycoprotein
biomarkers form the complex biological sample (which includes many other analyte with
similar glycoform structures), and 2) a lectin microarray based on highly-sensitive inte-
grated photonic sensors (Figure 1.2) to profile the concentration of the biomarkers with
different glycoforms in the pre-concentrated sample. The lectins have a specific ability to
recognize certain carbohydrate moieties of the glycoconjugates, and can be used to specif-
ically capture and identify the target glycoforms. The research conducted through-out this
work has been highly multi-disciplinary that primarily included different theoretical model-
ing and simulations, nanofabrication, surface chemistry development, and characterization
steps, needed to realize a proof of concept development for the envisioned LOC sensor.
1.2 Organization
Chapter 2 of the thesis presents a brief literature review, discussing the existing works
and associated challenges to the biomolecular preconcentration devices, carbon nanotubes
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Figure 1.2: An illustration of a multiplexed silicon cavity microresonator (microring) based
sensing platform
biomarkers, and optical LOC sensors with a focus towards the silicon microring resonator
based platforms for biosensing applications. It also presents an overview on the existing
works on various surface chemistries for different biocompatible surfaces primarily silicon,
glass, polydimethylsiloxane (PDMS), and multiwall-CNTS (MWCNTs).
Chapter 3 discusses in detail the fabrication challenges I have encountered during the
fabrication of PDMS based microfluidic devices. It discuses multiple approaches for fab-
rication of the microfluidic devices, along with the necessary modifications and optimiza-
tions required to achieve repeatable results using the available tools and recipes in the
literature.
Chapter 4 presents detailed discussions on the optimized surface chemistries employed
throughout the course of this thesis for silicon, glass, PDMS, and MWCNTs surface func-
tionalization. It presents detailed protocols for surface functionalization and corresponding
surface characterization results using X-ray photoelectron spectroscopy (XPS), Fourier-
Transform Infrared (FTIR) spectroscopy, and fluorescence measurements.
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Chapter 5 presents an approach for biomolecular (e.g., proteins, biomarkers) filtering,
pre-concentration, and release on demand based on affinity-based separation approach.
In this approach, the target biomolecules are captured and pre-concentrated on a surface
i.e., PDMS micropillars, based on the binding of the biomolecules to their specific affin-
ity epitopes. A photo-cleavable (PC) biotin linker has been utilized to achieve the desired
biomolecular pre-concentration and release. The work also presents a detailed protocol for
on-chip affinity-based capturing, pre-concentration, and release of PSA biomarker using
the PC-biotin linkers, along with on-chip glycoprofiling capability for ultra-sensitive PSA
detection.
Chapter 6 discusses the used of MWCNT forests and micropillars for enhanced biomolec-
ular capturing, pre-concentration, and release applications. It presents a detailed analysis
on growth, fabrication, and chemical functionalization of the MWCNTs, with a focus to-
wards PSA biomolecular capturing, pre-concentration, release, and glycoprofiling.
Chapter 7 discusses the details for fabrication of highly sensitive, high-Q optical mi-
croresonators for enhance chemical and biomolecular detection applications. The chapter
addresses the design challenges for highly sensitive, compact, and scalable optical mi-
croresonator based sensors, presenting a multiplexed and array based design approach for
bulk and on-flow sensing applications. The chapter also presents an overall picture of
highly sensitive and enhanced PSA sensing and glycoprofiling platform by incorporating
the microfluidic pre-concentration devices (i.e., PDMS micropillar based platform, MWC-
NTS micropillars and forests based platform) and the microresonator platform.
Chapter 8 briefly presents the overall contributions of the work and discusses the future
prospects related to the conducted research.
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CHAPTER 2
A BRIEF OVERVIEW ON ISSUES AND CHALLENGES FOR THE RESEARCH
EFFORT
2.1 The need for on-chip biomolecular pre-concentration
The nanotechnology has enabled early detection, diagnosis, prognosis and selection of ther-
apeutic strategies for various diseases. The ability to analyze multiple and broad range of
biomolecular samples in real time allows the nanotechnology to be the front runner in the
biomedical research. Biomedical research has extensively benefited from the advances in
nanoscale fabrication, surface chemistry and material interactions. These advancements
have enabled the realization of micro and nanoscale biosensing platforms, which are capa-
ble of detecting numerous analytes such as sugars, proteins, DNA, enzymes, bacteria, and
viruses, present in a biological sample, allowing both qualitative and quantitative analysis
[6]. Moreover, the advancements in microfluidic chip technologies have enabled minia-
turization of many biochemical techniques, resulting in faster and cheaper analysis using
much smaller amount of biochemical reagents [7].
Towards the goal of “early disease detection”, and particularly cancer detection, mon-
itoring the concentration of biomarkers (proteins) in a biological sample is of utmost im-
portance. The biomarker concentrations can be extremely small during the early stages of
the disease and therefore, are very difficult to detect. Accurate measurements of concentra-
tion with limits down to “ng/ml” or “pg/ml”, are required in most cases to differentiate
between presence and absence of a disease. A typical sample of blood contains more than
10,000 different proteins with different orders of varying concentrations [8]. The analysis
for a specific protein in such a high background noise results in decreased sensitivity, dy-
namic range, specificity and efficiency. Moreover, the proteins are extremely sensitive to
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the ambient environment including temperature, pressure, humidity, pH, ionic strength, etc
[9]. This makes the detection extremely cumbersome in low concentration and low quan-
tity samples. The sensitivity, diversity, and complexity of the biological samples, along
with the need to specifically determine an analyte (protein), have forced the researchers
to explore and develop efficient biomolecular pre-treatment (separation, purification) and
detection technologies. Various sample pre-treatment functions such as cleaning, filtration,
mixing, heating, and concentration before the analysis, have been demonstrated on-chip
[10], which are traditionally performed in off-chip environment.
Apart from the above mentioned challenges, there are numerous other aspects behind
the importance of sample pre-concentration before its analysis. The most important aspect
is the ability to detect trace or low abundant species, which is particularly important for the
clinical diagnostics, forensics, environmental monitoring, and defense and safety applica-
tions [11]. Pre-concentration improves sensitivity of detection and reliability of analysis
by significantly improving signal-to-noise ratio (SNR), especially when high performance
optical detection is employed. Extremely small sample volumes are required of the order
of nanoliters and picoliters, compared to milliliters of volumes required for routine off-chip
sample analysis, resulting in reduced consumption of the biological samples and reagents
[11].
On-chip sample pre-concentration methods are broadly classified into three techniques
namely “surface binding technique”, “electrokinetic equilibrium technique”, and “nanoporous
membrane technique” [11]. Surface binding techniques utilize hydrophobic, electrostatic,
or affinity interactions between the analytes and the microchannel surface. Solid Phase
Extraction (SPE) technique, affinity columns and affinity based adsorption on surfaces for
concentration and solvent based surface modification for elution, lies in this domain [11].
Techniques such as field amplified sample stacking [12], isotachophoresis [13], isoelectric
focusing [14], and electrokinetic sweeping [15], that employ multiple buffers with differ-
ent conductivities to achieve desired sample pre-concentrations, are part of electrokinetic
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equilibrium techniques. Nanoporous membrane techniques exploit size based separation
employing nanoporous membranes or concentration polarization to achieve concentration
of the analytes. Techniques such as dielectrophoresis [16] and ion concentration polariza-
tion [17] are considered extension of this technique.
In the realm of protein purification, proteins have been enriched on the basis of their
solubility, size, charge, and specific binding affinity [18]. The biological samples are sub-
jected to a series of separations based on different properties to yield a certain purity of a
protein. Protein concentrations need to be determined at every stage and substantial quan-
tities of the proteins, of the order of milligrams, are needed to be purified to completely
elucidate their 3D properties [18]. Nanoporous membrane and electrokinetic equilibrium
techniques have demonstrated high concentration factors [11]. However, these techniques
require intricate buffer handling, are fabrication intensive, have complex working princi-
ple, and need highly skilled operators [19]. Protein precipitation is an issue resulting in
clogging of the microfluidic chips and wastage of the expensive sample [19]. Moreover,
they also require high electric fields per unit area of operation, resulting in localized heat-
ing (joule heating), sample evaporation, electrode malfunctioning, and denaturing of the
sample [19].
Surface binding techniques, in particular solid phase extraction (SPE), immunoprecip-
itation [20], and affinity based separation methods have found much interest of the re-
searchers for protein enrichment [11]. Numerous surface binding techniques have been
explored, developed and employed for protein purification based on the “binding affini-
ties” such as Biotin-Avidin (or Streptavidin), lectin-glycan, nucleotide-coenzyme, protein
A/G, and immunoaffinity (antibodies-antigens) [21]. The Biotin-Avidin affinity based sep-
aration mechanism is of particular interest to the scientific community for its rapid bond
formation, and for being the strongest known non-covalent affinity interaction (Kd = 10−15)
between a protein and a ligand [22]. However, harsh conditions, such as denaturing buffer
[23], acid cleavage [24], or treatment with excess biotin [25], are needed for the release of
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the captured proteins (i.e., breaking of the Biotin-Avidin bond is required). These meth-
ods can result in sample degradation, introduction of contaminants (due to the release of
non-specifically bound proteins), elution of endogenous proteins (along with the desired
protein), etc. [23].
To address these challenges, various “cleavable linkers”, compatible with affinity probes
have been developed such as disulfide [26] or diazobenzene [27], enzymatically cleavable
peptides [28], and acid [29] and nucleophile [30] based cleavable linkers. These linkers
introduce an additional component in the released biochemical mixture and add an addi-
tional chemical modification stage in the whole process [23]. Therefore, the desired ideal
linker is supposed to be stable under various harsh chemical conditions, compatible with
post-ligation analytical processes, and most importantly, circumvents the need for exoge-
nous reagents. Recently, “photo-crosslinkers have shown promise because of their rapid
photolysis property, which have led to development of photo-cleavable (PC) affinity tags
for enrichment of proteins and biomolecules [31],[32]. These PC affinity tags allow on de-
mand release of enriched proteins/biomolecules and have attracted respectable interest for
biomolecular filtering, enrichment and quantification. An interesting demonstration is a mi-
crofluidic purification chip (MPC) developed for multiplexed detection and purification of
two different cancer biomarkers in a whole blood sample [33]. The MPC captures the can-
cer biomarkers from the flowing solution using a silicon pillar based capturing chamber.
Later, the captured cancer proteins are released for detection using electrical transducers
[33].
2.2 Material aspects for realization of enhanced biomolecular capturing and pre-
concentration devices
Another important aspect for the realization of high performance LOC microfluidic pre-
concentration devices is the material compatibility. Polydimethylsiloxane (PDMS) is one
of the most commonly used material for microfluidic applications [34]. It is a biocompati-
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ble, transparent, and soft rubber-like polymer which can be easily patterned using the well-
established soft lithography fabrication techniques [35]. It enables the current microfluidic
platforms to have efficient fluid handling capability, fluid processing, and also allows small
volumes of reagents to be used on-chip to perform rapid, low-cost, quantitative and clinical
analysis involving different types of proteins and biomarkers for various on-chip diagnostic
applications. One of the key advantages of PDMS enhanced microfluidic technologies is
the ability to detect extremely low concentrations from small sample volumes (e.g., upto
attomolar) [36]. The miniaturization and application specific tailoring of the PDMS based
microfluidic chips results in enhanced reaction kinetics between the species, resulting in a
capability for rapid detection of desired species (e.g., it takes less than 45 minutes to per-
form an on-chip ELISA compared to a 4 to 6 hour conventional ELISA procedure using 96
well plates) [37].
Extensive efforts have been made to optimize the design of the microfluidic devices em-
ploying chemical reaction kinetics and fluid mechanics, in conjunction with finite element
modeling techniques[38], [39]. An elegant and detailed analysis of the modeling based
approach can be found in [40]. Numerous surface chemistries (e.g., aldehydes, amines,
azides, carboxy, thiol terminal groups, etc.) have been developed for PDMS based on-chip
microfluidic immunoassays and immunoaffinity based biomolecular enrichment [41]. On-
chip immunoprecipitation for protein purification using PDMS micro-columns [20], PDMS
micropillar arrays for on-chip immunodiagnosis [42], and on-chip ELISA assay for im-
munosensing applications using PDMS microfluidic channels [43] has been demonstrated
in the literature. Detailed reviews and comprehensive analysis of PDMS based immunoas-
says, affinity based protein immobilization and enrichment techniques, and the current state
of the art can be found in [44] and [45].
Apart from the role of PDMS, LOC biomolecular separation and filtration has greatly
benefited from the development of nanoporous materials. Efficient biomolecular separation
using nanoporous materials requires controllable pore sizes, length and surface chemistry
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[46]. The pores are required to have a uniform diameter distribution in order to achieve
highly selective filtration. Also, high porosity is required to obtain desired analyte flux [47].
Porous designs allow fluid flow both around and through the porous elements, enhancing
physical interactions between the particles in the flow and the functionalized porous sur-
faces [48]. In addition, the large surface-to-volume ratio of porous materials increases the
functional surface area in a given volume and presents an opportunity to target and isolate
multiple particle types using a single device [48]. Furthermore, integration of nanoporous
materials in microfluidics enables access to a largely unexplored spectrum of smaller sub-
micrometer species that the current LOC bio-MEMS platforms are trying to interact [49].
Commercially available nanoporous materials exhibit large size distributions and rel-
atively large thicknesses, making them practically challenging to integrate these with on-
chip microfabricated devices [49]. The inclusion of porous materials into microfluidic
platforms has generally been limited to materials such as silicon, porous silicon, silicon ni-
tride membranes, and polymer/silicon monoliths, whose degree of geometrical definability
is not sufficient to enable accurate flow control inside microchannels [49]. This limits the
porous technology as an alternate to solid affinity-based separation mechanisms, with their
adoption limited to porous plugs or particle filtering membranes in on-chip microfluidic
filtration applications [50].
Recently, carbon nanotubes (CNTs) have been considered as an alternative porous ma-
terial for biomolecular separation and filtration applications. The CNTs are textured ele-
ments which can be grown vertically with extremely high porosity, resulting in dense forest
shaped textured structures [51]. This allows them to be utilized for nanoscale separation
[52], filtration and specific targeting of biomolecules [53], providing enhanced capture ef-
ficiencies and high throughputs [50]. Biomolecular protein analysis and cancer biomarker
detection based on immunosensing and forest shaped single wall CNTs (SWCNTs) are
shown in [54],[55], while multi-wall CNTs (MWCNTs) based sensors are demonstrated
in [56]. The MWCNTs exhibits different advantages over SWCNTs such as ease of mass
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production, lower cost, enhanced thermal and chemical stability [57]. Intrinsic proper-
ties of MWCNTs remain well preserved during surface functionalization as only the outer
walls are exposed while inner walls remain the same, unlike in SWCNTs [57]. Surface
functionalization of CNTs introduces new chemical functionalities that allow CNTs to be
compatible with different applications such as organic solvent or water-solubilization, en-
hancement of chemical functionality, dispersion, and compatibility or lowering the toxicity
of CNTs [58]. The basic idea behind the surface functionalization is to immobilize (and
later release) proteins, peptides, enzymes or antigens, onto (and from) the CNTs (tips, inner
and outer sidewalls) for different biological applications.
2.3 Challenges and limitations pertaining to cancer biomarker detection
After the pre-concentration and release of the biomolecular sample, detection and quan-
tification of the desired analyte’s (biomarker) presence is required on a LOC platform.
Affinity-based immunoassays techniques are conventionally applied for quantitative and
qualitative analysis. The analyte from the sample is captured directly over a surface (or
an antibody modified surface) and then detected using an enzyme linked antibodies (e.g.,
ELISA) which are specific to the analyte. The procedure is simple and easy to implement
and has been miniaturized for LOC applications. However, it lacks the ability to elucidate
post-translational modification (PTM) of analytes especially proteins [59], which is an im-
portant aspect in avoiding false-positives in case of disease and especially cancer detection.
PTMs are chemical modifications that play a key role in functional proteomics. It in-
creases the functional diversity of the proteome by covalent addition of functional groups or
proteins, proteolytic cleavage of regulatory subunits or degradation of entire proteins. Iden-
tification and understanding of PTMs is critical in the early disease detection and prevention
[60]. “Glycosylation” (Carbohydrate or glycan modification of proteins) is a type of PTM
that plays an important role in the movement and recognition of cells from the immune sys-
tem. It has been considered responsible for various physiological processes such as tumor
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growth, cancer inflamation, infections by viral and bacterial pathogens and immunological
disorders [61]. Moreover, it has also been considered as the most prevalent PTM, occur-
ring in almost 50% of the proteins [62]. Interestingly, the biomarkers approved for clinical
use for cancer detection by US - Food and Drug Administration (FDA) namely, AFP (liver
cancer), CA125 and HE4 (ovarian cancer), thyroglobulin (thyroid cancer), PSA (prostate
cancer), CEA (colorectal cancer), HER2/NEU, and CA15-3/CA27-29 (breast cancer) are
all glycosylated [63]. These aspects have driven the interest of the scientific community
towards the structural analysis of glycans (i.e., “glycoprofiling”), despite the ubiquitous
nature, structural diversity and heterogeneity of the glycans [64].
Techniques such as mass spectrometry (MS), high performance liquid chromatography
(HPLC), western blotting, capillary electrophoresis (CE), and fluorescence based glycan
microarrays have been extensively employed for glycan profiling [65], [66]. These tech-
niques involve labeling and subsequent release of the glycans from their core proteins,
thus are time consuming, laborious, costly and complicated. To address these issues, gly-
can specific antibodies and glycan binding proteins (i.e., lectins) have been considered
as valuable tools for glycoprofiling [67]. In particular, lectins are carbohydrate binding
proteins found in many organisms from bacteria to mammals (most available lectins for re-
search are derived from plants [64]). In 2005, a novel lectin microarray sensing technology
was demonstrated for high throughput, rapid, sensitive, and low cost analysis of glycans
[68]. Glycan epitopes from various samples including glycoproteins [69], cellular mem-
branes [70], whole mammalian cells [71], pathogenic bacteria [72], and viruses [73] have
been profiled using this mechanism. These works employ fluorescent labels to distinguish
glycan-lectin interactions, mostly employing modified glass slides. Covalent immobiliza-
tion of glycans over the lectin arrays have been achieved using surface chemistries such as
NHS-esters and amines, thiols and maleimides, and amines and epoxides [64].
Controlled immobilization of biomolecules on solid surfaces is an extremely impor-
tant aspect of any biological sensor design and effective realization. This area has been
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undergoing extensive research owing to its importance in the biosensing platform develop-
ments for numerous diagnostic applications [74]. The biosensing surfaces are chemically
modified i.e., functionalized for better control, organization, orientation, functionality, and
optimization of the immobilized species [74]. Intensive efforts has been made in the re-
cent years for the development of various immobilization techniques [75],[76]. It has been
demonstrated that the retention of biological activity of the adsorbed species via selective
immobilization and orientation is critical for highly selective and sensitive biomolecular
and disease detection applications [77],[78],[79].
2.4 Silicon on-chip integrated optical microresonators for sensing
Silicon has been the material of choice for the advanced biosensing applications owing to
the ease of lab-to-product capability and a well established manufacturing and packaging
supply chain. It develops an amorphous native oxide layer upon exposure to air and mois-
ture, and the overall surface has a dominant hydrophobic tendency [80]. This results in
complexities in having uniform and homogeneous immobilization of biomolecules on sili-
con surface [75]. Various surface modification strategies for silicon has been described in
[75],[76].
The LOC demonstrations are incomplete without incorporation of sensing transduc-
ers. Numerous transduction mechanisms such as optical, electrical, mechanical, chemical,
electro-chemical, heat, and mass have been employed by the researchers for realization of
ultra-sensitive biosensors [81],[82]. Recently, integrated silicon nanophotonics has enabled
highly-sensitive, low-cost, compact, and densely integrated biosensing devices [83],[84],
[85], [86]. In particular, different resonance-based sensing devices (resonators) have been
proposed on such as microrings [87], microdisks [88],[89], microtoroids [90],[91],[92],
microspheres [93], microdoughnuts [94],[95], racetrack [96], slot waveguides [97], [98],
and Bragg gratings [99]. Different material platforms have been used for the realization
of these resonators such as silicon [88], silicon nitride [89], silicon oxide [100], alu-
14
minum nitride [101], indium phosphide [102], porous silicon [103],[104], and polymers
[105]. Among these device configurations and materials, integrated silicon microring res-
onators have gained the most interest in the optical community for biosensing applications
[106],[107],[108],[109].
The silicon microring resonators are planar in configuration, operate in single radial
mode (TE or TM) with high Q-factors and allow high SNRs. This allows realization of ex-
tremely dense and highly multiplexed sensor platforms with ultra-fine spectral resolutions.
Moreover, the ease of fabrication of planar devices in silicon and CMOS process compat-
ibility not only enables complete System-on-a-Package (SOP) realization for biosensing
applications, but also allows much quicker lab-to-market transition of these devices. The
challenge lies in the small sensing area of these resonators for analyte adsorption compared
to the overall footprint. This results in small optical field overlap between the microres-
onator and the analyte [103], thereby resulting a in Poisson-limited sensitivity for detection
of larger biomolecules [110]. Moreover, the temperature induced drifts and variations in
silicon microresonators, if not properly addressed, result in inaccurate measurements [111].
Numerous works on biological sensing applications using silicon microring resonators
have been reported in the literature. A silicon microring array based platform for per-
forming rapid, multiplexed, real time binding assays has been demonstrated in [112]. This
work demonstrated RIU sensitivity of 7.6× 10−7 with sensor to sensor variability of 3.9%.
Another work demonstrated growth of alternate biomolecular layers of streptavidin and
biotinylated antibodies and measurement of mass of radioactively labelled protein using
silicon ring resonators. LOD per unit area of 1.5 ± 0.7pg/mm2 and an absolute mass
detection limit of 125ag is achieved [113]. Similarly, label-free quantification of cancer
biomarkers (carcinoembryonic antigen CEA) in different biological solutions is demon-
strated using silicon photonic microring resonators. Concentrations of CEA from 20 to
70ng/ml were detected in samples with respectable repeatability [84]. An extension of the
mentioned work demonstrated simultaneously multiplexed quantification of five different
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proteins namely prostate specific antigen (PSA), α - fetoprotein (AFP), carcinoembryonic
antigen (CEA), tumor necrosis factor - α (TNF-α), and interleukin-8 (IL-8) in biological
samples with clinically established detection limits, using silicon microring resonators [83].
Similarly, a sandwich assay based approach has been used to demonstrate quantitative de-
tection of human cytokine interleukin-2 (IL-2) and temporal secretion profile of IL-2 from
Jurkat T lymphocytes in serum solution with a LOD of 100pg/ml [85]. In these demonstra-
tions, the devices were either commercially obtained or no information about fabrication
was provided in the literature.
A detailed comparison of performance of silicon based integrated photonic resonators
for biosensing applications including microdisks, microrings, and Bragg gratings has been
demonstrated in [114], [115]. These works not only demonstrate the capturing of biotiny-
lated Bovine Serum Albumin (BSA) using biotin-streptavidin chemistry, but also provide
a detailed account of fabrication of the resonator devices using SOI as sample substrate,
along with electron-beam (e-beam) and deep UV (λ = 193 nm) lithographic techniques.
These works also demonstrate highly sensitive detection capability of the TM resonance
mode compared to the TE resonance mode of the silicon microring resonators, employ-
ing a 1550nm laser. It has been demonstrated that the operation of these devices using
1550nm TM polarization light results in upto three times more sensitivity compared to
operation with TE polarization light [115].
Apart from the silicon based integrated microring resonators, vertically coupled glass
microring resonator with Q-factor of 12k and LOD of 1.8 × 10−5 RIU has been reported
for lectin detection with excellent repeatability [116]. One of the earliest demonstrations
of protein detection using silicon nitride microring resonators showed LOD of around
6.8ng/ml for Avidin [117]. Multiplexed detection of lectins using glycan covered silicon
nitride microring resonators at visible wavelengths has been recently demonstrated [86].
Aleuria Aurantia Lectin (AAL) and Sambucus Nigra Lectin (SNA) were detected with
LOD of 2 × 10−6RIU and surface absorbed mass of 1pg/mm2 [86]. A similar demon-
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stration has been shown for the detection of Cholera Toxin Subunit B (CTB) using glycan
coated silicon nitride microring resonator platform [118]. Polymer based microring res-
onators have also been employed for biomolecular sensing applications. Detection of Glu-
couse, Biotin, Biotin-BSA and Streptavdin has been demonstrated with Q-factors of 20k
and mass LOD reaching 250pg/mm2 [119]. Glucose sensing has been demonstrated using
SU-8 based microring resonators with a sensitivity of 115 ± 8nm/RIU and a Q-factor of
1.5× 104 [120].
In the design of high-Q resonators, the coupling between the resonators and the com-
mon waveguide is a design challenge faced by the researchers. The coupling gap is op-
timized by adjusting the gap between the waveguide and the microresonator to achieve a
close to critical coupling regime, which maximizes the device sensitivity [121]. The critical
coupling has been preferred between the microring resonators and the input waveguide as it
allows maximum extinction ratio and higher SNR for the detection of resonance wavelength
shifts for sensing purposes [86]. It has been observed and demonstrated that reducing the
resonator width extends the resonator mode energy outwards, exponentially enhancing the
field overlap between the resonator and the input waveguide [121]. This not only enhances
the coupling between the resonator and the input waveguide, but also results in enhanced
light matter interactions favorable for highly sensitive sensing applications [122]. More-
over, for highly sensitive sensing applications, single mode operation is desired to avoid
spectral overlap with other polarization modes that are allowed in the waveguide and can
couple with the resonators [103].
The temperature induced resonance variations is another challenge encountered in the
design of silicon optical microresonators [111]. The temperature can be actively con-
trolled, stabilized, and compensated using expensive temperature stabilizing equipment,
which adds to the cost and size of the equipment [111]. The temperature variations can be
compensated in planar optical sensors using athermal design of core and cladding i.e., using
materials with thermo-optic (TO) constants having opposite signs. This limits the options
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for sensing platforms as limited number of such material combinations are available, espe-
cially in case of sensor platforms for biosensing applications [111]. Another mechanism is
to use on-chip reference resonators.
Another challenge in silicon nanophotonics lies in lighting up these microresonator de-
vices i.e., coupling light in these integrated on-chip optical platforms to generate enhanced
light-matter interaction for advanced biosensing applications. Conventional coupling tech-
niques such as prism based coupling [123] and end-fire coupling [124],[125] are prone to
misalignment, have complex operating mechanism [124], require extended fiber tapering
[124], and are polarization insensitive [124] especially when employed for exciting on-chip
nanophotonic components. To address these challenges, on-chip grating couplers are real-
ized which allow relaxed fiber-coupler alignment, decreased CMOS real-estate, polariza-
tion dependent operation, and ease of fabrication [124],[126]. The grating couplers enable
vertical coupling capability, allowing flexibility in placement of different optical compo-
nents on the chip [124],[126]. These couplers also increase the density of the on-chip
optical interfaces and free the edges of the chip for realization of different on-chip electri-
cal and optical features [126]. Moreover, these couplers are CMOS compatible and enable
ease of wafer-scale testing of the fabricated devices thus, decreases the overall packaging
cost and allow complete system-on-package (SOP) realization.
Key challenges in the grating coupler design includes back reflection, fiber-coupler
mode matching, directionality, and coupler coupling efficiency. Several designs of high
efficiency grating couplers have been presented in the literature to address these issues.
These include fabrication of apodized grating [127], sub-wavelength gratings [128], par-
tially etched grating [129], and anti-reflection mirrors [130]. These modifications result
in exhaustive simulations and design optimizations, increased fabrication complexity, and
overall cost of the devices. Moreover, the literature is more focused towards design of TE
polarized input/output (I/O) grating couplers for high performance communication and op-
tical computing applications where coupling efficiency is an important aspect, while less
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attention has been given to TM polarized I/O grating (highly evanescent nature of TM po-
larized light results in higher losses) [115]. In the realm of biosensing applications, the
aspect of coupling efficiency is relaxed compared to the high performance on-chip optical
communication and computing applications [108],[131]. However, the overall cost of the




FABRICATION OF MICROFLUIDIC DEVICES
3.1 Introduction
Polydimethylsiloxane (PDMS) has been one of the most extensively used silicon-based
organic polymer for microfluidic applications. Its advantages of include ease of device
fabrication (unusual rheological (or flow) properties), biocompatibility, optically transpar-
ent, inert, non-toxic, non-flammable, low shrinkage, and low cost [132]. Numerous works
have been reported in the literature employing PDMS for microfluidic device fabrications
[133],[134],[135]. The fabrication process flow seems to be a simple affair as a huge major-
ity of works report similar fabrication methodologies. However, to achieve good repeatable
results, a number of modifications and optimizations have to be considered during fabrica-
tion.
SU8 is a viscous, epoxy-based negative photoresist which has been originally developed
as a photoresist for the microelectronics industry to provide a high-resolution mask for the
fabrication of the semiconductor devices [136]. It is now primarily employed in the fabri-
cation process of microfluidic devices using the soft-lithography process [35], nanoimprint
lithography [137], and microelectromechanical devices [138].
In this chapter, I have presented a detailed process flow, associated challenges, and
remedies for the microfluidic device fabrications employing the widely employed soft
lithography technique.
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3.2 Fabrication of master molds
3.2.1 Printed Circuit Board (PCB) milling process
A printed circuit board (PCB) milling process is a process of removing areas of copper from
a sheet of PCB material to recreate the desired planar layout pattern such as signal traces,
vias, microwave and millimeter devices, etc. This process can also be used to generate
master molds for fabrication of microfluidic devices. I have used Rogers RO 4003C boards
with 17µm and 35µm electrodepsosited copper for the fabrication of master molds. LPKF
rapid prototyping machine has been used for the PCB milling process, while the devices
layouts has been made using EagleCAD software. Figure 3.1 (a) shows the fabricated
microfluidic devices using the PCB board milling process.
The minimum feature size realizable in the XY direction is 8 to 10 mils (i.e.,∼ 200µm)
while the Z direction is limited by the available copper thickness (i.e., 17µm and 35µm).
This renders the technique less suitable for a wide range of microfluidic applications, es-
pecially where extremely small feature sizes and volumes are required. The overall perfor-
mance of the PCB board based master molds when compared with the durability, robust-
ness, reusability, and repeatablity of other lithography based techniques, is far better.
3.2.2 SU8 polymer based master molds
I employed the conventional soft-lithography process for the fabrication of microfluidic
devices. I have used SU8 epoxy-based negative photoresists i.e., SU8-2015, SU8-2035, and
SU8-2050, along with both glass and silicon as carrier substrates for the fabrication of the
master molds. I have used SU8 to a thickness of 15µm, 35µm, and 50µm using SU8-2015,
SU8-2035, and SU8-2050 for the fabrication of the microfluidic devices, respectively. I
have used AutoCAD software for the microfluidic device layout/pattern design. I have the
layouts printed over the transparency sheets (prints obtained from CAD/Art Services, US)
to be utilized as an optical mask. The minimum critical dimension of the transparency
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mask is 10µm.
Optical lithography based fabrication
The SU8 photoresist is spin coated over the silicon/glass to achieve a uniform desired thick-
ness. The spin coated wafer is then soft baked and cooled down. The device layout pattern
is then defined by exposing the SU8 in the MA-6 mask aligner setup using UV light (i-line,
λ = 365nm). The transparency sheets are utilized as optical masks for defining the desired
microfluidic device features. A post exposure bake is then performed, followed by the
development of the wafer using the SU8 developer. The developed wafer is then washed
using IPA, dried using nitrogen gas, and inspected using a microscope and a profilometer.
Maskless lithography based fabrication
The SU8 photoresist is spin coated over the silicon/glass to achieve a uniform desired thick-
ness. The spin coated wafer is then soft baked and cooled down. The device layout pattern
is then defined by exposing the SU8 in the Heidelberg MLA-150 maskless aligner setup
using the λ = 365nm laser. A post exposure bake is then performed, followed by the
development of the wafer using the SU8 developer. The developed wafer is then washed
using IPA, dried using nitrogen gas, and inspected using a microscope and a profilometer.
*Note: The MLA-150 setup is a direct laser writing setup and requires no optical masks
for the exposure. Moreover, the minimum feature size that can be realized using this setup
is ∼ 1µm. This results in improved device features and an overall decrease in cost of
fabrication.
The figure 3.1 shows three different types of master molds fabricated for microfluidic
device realizations, (a) PCB milling process, (b) SU8 over glass, and (c) SU8 over Silicon.
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(a) (b) (c)
Figure 3.1: The figure shows three different types of master molds fabricated for microflu-
idic device realizations. (a) PCB milling process, (b) SU8 over glass, and (c) SU8 over
silicon.
Table 3.1: SU8 processing details for master mold fabrication









Speed (rpm) Time (sec) 60◦C 90◦C 60◦C 90◦C
2015 3000 30 3 5 15 3 5 5 60
2035 1650 30 6 9 50 6 9 10 60
2035 3000 35 5 7 35 5 7 6 60
2050 3000 30 6 9 50 6 9 10 60
3.3 SU8 Recipes
The table 3.1 shows the details of the recipes used for fabrication of SU8-based master
molds for microfluidic device fabrications. Three different SU8 photoresists from SU8
2000 series has been utilized for the fabrication of the devices.
The table 3.2 shows the comparison between the recipes for processing of SU8 photore-
sist for the fabrication of microfluidic devices using the conventional mask aligner setups
and the recently introduced Heidelberg MLA-150 maskless aligner system for advanced
lithography applications.
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Table 3.2: Exposure details for SU8 processing using MLA-150 maskless aligner and MA-





(for 4’ wafer exposure)
MLA - 150 MA - 6 MLA - 150 MA - 6
2015 15 500 120 26 0.2
2035 35 525 160 38 0.266
2035 50 550 180 45 0.3
2050 50 550 200 45 0.3333
3.4 Silanization of the master mold
Thermal curing of the PDMS results in its sticking to the silicon or glass substrate of the
master molds. In order to avoid the sticking, silanization of the molds is performed. I
have utilized (3-Mercaptopropyl)trimethoxysilane for the silanization of SU8-based mas-
ter molds and employed the chemical vapor deposition (CVD) mechanism to silanize the
master molds. 1ml of the silane solution is pipetted out in a disposable aluminum dish
and placed in the vacuum desiccator chamber with the SU8-based master molds for 12
hours. After 12 hours, the molds are taken out and baked in oven for 15 minutes at 100◦C
to have a uniform layer of silane. The figure 3.2 shows SU8-based master molds on sili-
con and glass wafers, inside a customized vacuum desiccator chamber for chemical vapor
deposition (CVD) based silanization.
3.5 Preparing PDMS for microfluidic devices
Sylgard 184 from Dow Corning Corporation is the most widely used version of the PDMS
polymer especially in the United States. The Sylgard 184 elastomer is a polymer base
that comes with a curing agent in a form of a kit, especially tailored for microfluidic ap-
plications. The Sylgard 184 elastomer base and the curing agent are added together and
thoroughly mixed in 10:1 (weight ratio), respectively, to form the PDMS polymer that is
later used for microfluidic device fabrications. The figure 3.3 shows the Sylgard 184 base,
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Figure 3.2: The figure shows SU8-based master molds on silicon and glass wafers, in-
side a customized vacuum desiccator chamber for chemical vapor deposition (CVD) based
silanization.
curing agent, and a container having both of them mixed together in a ratio mentioned
earlier.
3.6 Degassing, casting, and curing of PDMS
Microfluidic device fabrication involves casting of the prepared PDMS over the master
mold (placed in heat tolerant container), followed by a thermal curing step. It has been ob-
served that during the mixing of the Sylgard base and the curing agent, bubbles are formed
in the PDMS. These bubbles should be removed to have a clear, transparent, and conformal
casting of PDMS over the master mold. One of the most commonly employed mechanism
to remove the air bubbles is to use a vacuum desiccator. The PDMS is poured over the
master mold and is then placed in the desiccator under vacuum to remove the trapped air
bubbles. Another mechanism involves rigorous mixing of the PDMS mixture till the air
bubbles are removed, while some methods involves leaving the mixture for a few hours till
a clear transparent PDMS mixture has been obtained. However, the biggest challenge with
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(a) (b) (c)
Figure 3.3: The figure shows (a) Sylgard 184 elastomer base, (b) curing agent, and (c)
elastomer base and curing agent mixed together in 10:1 (weight ratio), respectively
these mechanisms is the time involved in preparing the desired PDMS sample. Although,
the vacuum desiccator methods works appreciably well for most of the applications, it lacks
consistency when replication of high aspect ratio structures is desired. In such structures,
the air bubbles get trapped in the features and are extremely difficult to be removed using
the vacuum desiccator. Moreover, these trapped bubbles rises to the surface during the
thermal curing process, thus spoiling the sample. It has been observed that longer desicca-
tor times and through mixing of the solution has resulted in better and repeatable results,
but at the expense of longer processing durations. In my work, I have designed PDMS
micropillar structures with aspect ratio reaching maximum upto 1:2.5, and have faced sim-
ilar challenge for these structures. The figure 3.4 shows the appearance of the trapped air
bubbles in the thermally cured PDMS, thoroughly mixed, and degassed for 6 hours using
vacuum desiccator.
To address this degassing challenge, I completely removed the air bubbles from the
PDMS before pouring it over the master mold. I poured the initially mixed PDMS (having
air bubbles in it) into a 50ml conical centrifuge tubes and employed a high speed centrifuge
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Air bubbles appearing in 
PDMS after curing at 
65ºC in an oven for 4 
hours
Figure 3.4: The figure shows trapped air bubbles in thermally cured PDMS, thoroughly
mixed, and degassed using vacuum desiccator for 6 hours while replication of high aspect
ratio structures
device at 3000rpm with 2500g for 30 seconds. Clear PDMS mixture has been obtained and
is then poured over the master mold for device casting. It should be noted that the degassed
PDMS should be poured over the mold as soon as possible to avoid hardening of the PDMS.
The figure 3.5 (a) shows the PDMS mixture after initial mixing of the Sylgard base and the
curing agent, (b) shows the 50ml conical centrifuge tubes placed in the centrifuge device,
(c) shows the clear PDMS solution (no air bubbles) obtained after centrifuging 30 seconds,
and (d) shows the setting of the centrifuge device.
Once the degassed PDMS is poured over the mold, it is then placed in a vacuum des-
iccator for 30 to 60 minutes to remove the remaining trapped air bubbles (the desiccation
time depends upon the size of the sample and the available strength of the vacuum). Once a
clear PDMS sample over the mold has been obtained, it is then placed in a oven at 65◦C for
6 to 8 hours for the thermal curing. The cured PDMS is then stripped off the master mold
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using a razor blade. A transparent tape is used to cover the device side and punch through
holes are made using a biopsy punch for the fluid inlet and outlets. The figure 3.6 shows
thermally cured PDMS (without any air bubbles) after 6 hours of thermal curing at 65◦C
in a vacuum oven. The PDMS is ready to be stripped-off for bonding with glass or silicon
substrate for device realization.
(a) (b) (c)
(d)
Figure 3.5: The figure shows (a) the PDMS mixture after initial mixing of the Sylgard base
and the curing agent, (b) shows the 50ml conical centrifuge tubes placed in the centrifuge
device, (c) shows the clear PDMS solution (no air bubbles) obtained after centrifuging 30
seconds, and (d) shows the setting of the centrifuge device
3.7 Bonding, Interfacing, and Integration of PDMS
The PDMS is strongly hydrophobic in nature. This property does not allow it to stick to
any surface easily. To bind the PDMS to the glass (silicon oxide) and silicon surfaces,
the most commonly used mechanism is to expose the PDMS mold and the substrates (i.e.,
Glass, Silicon) to oxygen plasma for 10 to 15 minutes. This mechanism increases the
hydrophilicity of the surfaces by activating the -OH radicals on the surfaces. The surfaces
are then pressed together after the exposure to facilitate bonding. It should be noted that
the surfaces should be pressed together immediately after the plasma treatment. A drop of
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Figure 3.6: The figure shows thermally cured PDMS (without any air bubbles) after 6
hours of thermal curing at 65◦C in a vacuum oven. The PDMS is ready to be stripped-off
for bonding with glass or Silicon substrate for device realization.
methanol or water can be used between the surfaces, along with a microscope to aid for
alignment.
In my work, I utilized an Ultra-Violet Ozone Cleaning System (UVOCS) for generating
the -OH radicals on the surfaces to facilitate the bonding. The PDMS surface, glass slides,
and silicon samples are treated in the UVOCS system for 15 minutes. A droplet of water (or
methanol) is then placed on the treated surfaces followed by immediate pressing of them
against the other (i.e., PDMS with glass or PDMS with silicon). The pressed surface are
then baked on a hotplate for 30 minutes at 90◦C to have a complete bonding.
Once the bonding process is complete, I connected the inlet and outlet tubing to the re-
spective punch through holes in the bonded devices. I have used 1ml syringes and Harvard
PHD 2000 infusion flow pump for flowing my samples into the microfluidic devices. The
flow rates have been adjusted with the flow pump. It should be noted that the flow rates can




Figure 3.7: The figure shows (a) a glass slide and PDMS device placed in a UVOCS sys-
tem for activation before bonding, (b) an operating UVOCS system (set for 15 minute
exposure), and (c) a complete microfluidic device setup with a PDMS device bonded to
a glass slide having its inlets connected to a Harvard 2000 infusion pump and outlets for
waste sample
in-built directory for flow rate variation for various syringe sizes. This allows the user to
adjust the flow rate accordingly. I have varied the flow rates from 0.1µl/min to 35µl/min
for testing the bonding strength of the devices. The devices worked perfectly fine without
any leakage or delamination of the devices.
The figure 3.7 shows (a) a glass slide and PDMS device placed in a UVOCS system for
activation before bonding, (b) an operating UVOCS system (set for 15 minute exposure),
and (c) a complete microfluidic device setup with a PDMS device bonded to a glass slide




SURFACE MODIFICATIONS AND SURFACE CHEMISTRY
4.1 Introduction
Controlled immobilization of biomolecules such as proteins, DNA, RNA, lipids, bacte-
ria, and biomarkers, on solid surfaces has been an extensive subject of research owing to
its importance in the biosensing platform developments for different disease diagnostics
[74]. The biosensing surfaces are chemically modified i.e., functionalized for better con-
trol, organization, orientation, functionality, and optimization of the immobilized species
[74]. Intensive efforts have been made in the recent years for the development of vari-
ous immobilization techniques [75],[76]. It has been demonstrated that the retention of
biological activity of the adsorbed species via selective immobilization and orientation is
critical for highly selective and sensitive biomolecular and disease detection applications
[77],[78],[79].
Silicon has been the material of choice for the advanced biosensing applications owing
to the ease of lab-to-product capability and a well established manufacturing and packaging
supply chain. Silicon develops an amorphous native oxide layer upon exposure to air and
moisture, and the overall surface has a dominant hydrophobic tendency [80]. This results
in non-uniform and in-homogeneous immobilization of biomolecules on silicon surface
[75],[76].
Glass (i.e., silicon oxide) has also been extensively employed for various biomolec-
ular diagnostic applications. It has been widely used for the development of microchips,
microarrays, biochips, and microfluidic devices [139],[140]. Glass, as a material is biocom-
patible, rigid, flat, nonporous, easy to handle, extremely cheap, has a wide spread supply
chain, provides low native fluorescence, is resistant to high temperatures and organic sol-
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vents, transparent in nature, and provides a hydrophobic surface which is highly amenable
to surface modifications [76]. Numerous surface modifications techniques for glass has
been presented in the literature [76],[141].
Polydimethylsiloxane (PDMS) is one of the most commonly used material for microflu-
idic applications [34]. It is a biocompatible, transparent, and soft rubber-like polymer
which can be easily patterned using the well-established soft lithography fabrication tech-
niques [35]. It enables the current microfluidic platforms to have efficient fluid handling
capability, fluid processing, and also allows small volumes of reagents to be used on-chip
to perform rapid, low-cost, quantitative and clinical analysis involving different types of
proteins and biomarkers for various on-chip diagnostic applications. One of the key advan-
tages of PDMS enhanced microfluidic technologies is the ability to detect extremely low
concentrations from small sample volumes (e.g., upto attomolar) [36].
Carbon nanotubes (CNTs) presents with high surface ratios and chemical stability, in-
dicating their promise as ideal scaffolds for immobilization of biomolecules [142], [143].
SWCNTs and MWCNTs can be easily functionalized and are extensively utilized for ho-
mogeneous bioassays. Moreover, their compatibility with the nanofabrication processes
allows them to be employed as building blocks for the next generation of micro and nano
sensing platforms for POC sensing applications [56]. Some of the recent advances in CNT
based immunosensors has been presented in [144].
In this chapter, I present detailed analysis for the surface modifications of silicon, glass,
PDMS, and MWCNT samples for biomolecular immobilization applications.
4.2 Chemicals and Materials
The silane reagents (3-aminopropyl) triethoxysilane (APTES) and (3-Glycidyloxypropyl)
trimethoxysilane (GPTMS or GLYMO), and Anhydrous 2-Propanol solution (≥ 99% pure)
has been obtained from Sigma-Aldrich. Avidin (egg white) and Phosphate Buffer Saline
(1X-PBS, pH 7.4) has been purchased from Thermofisher Scientific, US. ATTO - 520 fluo-
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rescence tagged biotin has been purchased from Sigma-Aldrich. N-Hydroxysuccinimide
(NHS), N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), Bovine
Serum Albumin (BSA), and Tween 20 has been purchased from Sigma-Aldrich. Rabbit
IgG serum (produced from rabbit serum, lyophilized powder) and FITC tagged anti-IgG
secondary antibodies (anti-rabbit IgGs produced in goat) has been purchased from Sigma-
Aldrich, US. SU-8 2015 and SU8 developer has been purchased from MicroChem, US.
Sylgard 184 (PDMS by Dow Corning Corporation) and the curing agent has been pur-
chased from Ellsworth Adhesives, US. Silicon and fused silica glass wafers has been pro-
cured from WaferPro, US. All other equipment and cleaning solutions has been provided
at the IEN cleanroom utilities present at the Georgia Institute of Technology, Atlanta, US.
4.3 Sample Preparation
4.3.1 Silicon and Glass Sample
The 4 inch silicon and glass wafers have been diced into 1cm by 1cm sample using the
ADT 7100 Dicing Saw. The diced samples are copiously cleaned using acetone, methanol,
and DI-water. The samples are then dried using nitrogen gas, followed by Piranha (4:1 of
H2SO4:H2O2) cleaning at 80◦C for 30 minutes. The cleaned samples are again dried using
the nitrogen gas and placed in the UV-Ozone Cleaning System (UVOCS) for 15 minutes.
The UVOCS cleaning mechanism controls the hydrophilicity of the samples by generating
the -OH bonds at the surface. The samples are then rinsed with DI-water, dried using
nitrogen gas, and placed over the hotplate at 110◦C for 5 minutes to completely remove
any moisture content. The dehydration baking step is extremely important as the silane
reagents reacts with the moisture (water) and hydrolyze over the sample resulting in the
loss of reactivity [145].
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4.3.2 PDMS Sample
Sylgard 184 base and the curing agent are thoroughly mixed in 10:1 (volume ratio). The
mixture is then poured in a plastic petri dish and degassed using vacuum desiccator for 6
hours. Once degassed, the PDMS is placed in an oven at 65◦C for 4 hours for curing. The
cured PDMS mold is peeled off the petri dish and cut into small pieces using a razor blade.
It is then cleaned using IPA and dried using nitrogen gas. The PDMS samples are then
immersed in 5:1:1 solution of H2O : HCl : H2O2 for 15 minutes at 70◦C. The samples are
then taken out, washed using DI-water, and dried using nitrogen gas. The dried samples are
then cured at 100◦C for 10 minutes using a hotplate. The cured samples are then placed in
UVOCS system for 15 minutes. This process oxidizes the PDMS generating Si-OH bonds
at the surface [146]. The process has also shown compatibility with PDMS bonded on
silicon and glass substrates at room temperature.
4.3.3 MWCNTs Sample
The 4 inch silicon has been diced into 1cm by 1cm sample using the ADT 7100 Dicing Saw.
The diced silicon samples are copiously cleaned using acetone, methanol, and DI-water.
The samples are then dried using nitrogen gas, followed by Piranha (4:1 of H2SO4:H2O2)
cleaning at 80◦C for 30 minutes. A 200nm layer of silicon oxide SiO2 is deposited over
the clean and dried silicon sample, followed by evaporation of 10nm of Aluminum oxide
(Al2O3) and 1.1nm of Iron (Fe) catalyst layers, using the e-beam evaporator tool (Denton
e-beam evaporator). The SiO2 layer acts as an insulation layer and also allows adhesion
of the Al2O3 to silicon sample surface. The Fe acts as a catalyst by forming nanoparti-
cle enhanced nano-islands at high temperatures over the porous Al2O3, for the growth of
vertically aligned MWCNTs [142].
The MWCNTs has been grown using the root growth mechanism, employing the low
pressure chemical vapor deposition (LPCVD) process in the Axitron Black Magic reactor
[147]. Acetylene (C2H2) gas has been used as a precursor, in the presence of nitrogen
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(N2) and hydrogen (H2) gas. The N2 and H2 are maintained in the chamber at a flow
rate of 1000sccm and 100sccm, respectively, while the temperature of the reactor has been
gradually increased. The C2H2 gas is allowed to flow in the reactor at 820◦C at a pressure
of 720mbar, having a flow rate of 160sccm. The mixture of gases is then maintained for
the growth duration. Finally, the C2H2 and H2 gases are discontinued, while the N2 gas is
flown for 5 to 10 minutes to gradually cool the reactor and displace the remaining gases in
the reactor. The samples are then removed from the chamber and inspected using SEM for
the MWCNT forest growth.
4.4 Silanization
The most commonly utilized surface modification technique is the use of organo-functional
”alkoxysilanes” as a coupling agent for immobilization of the organic molecules to the sil-
icon, glass, PDMS, and MWCNT surfaces. Theses silanes are deposited over the samples
such as silicon or glass, in the form of thin layers using different mechanisms such as
immersion coating [148], drop casting [149], spin coating [76], and chemical vapor depo-
sition [150]. Silane solutions are employed for these mechanisms, which are prepared by
dissolving the silanes in the silane coupling reagents such as aqueous solvents [151],[152],
organic solvents [153],[154], and in some cases a mixture of aqueous/organic solvents and
water [103].
The (3-Aminopropyl) triethoxysilane (APTES) is the most commonly utilized organo-
functional alkoxysilane for surface (Silicon, Glass, PDMS, MWCNTs) modifications. The
surface modification process involves formation of covalent Si-O-Si bonds formation be-
tween the silanol groups (present on the oxidized silicon surface) and the hydrolyzed
organo-silane molecules, resulting in an amine-terminated (−NH2) film over the silicon
surface [155]. The presence of amine i.e., −NH2 groups on the surface allows pro-
teins or other biomolecules to be immobilized in a simple manner. Similarly, another
organo-alkyoxysilane known as (3-Glycidyloxypropyl) trimethoxysilane (GPTMS, GPTS,
35
or GLYMO) has also been used for surface modifications. This silane results in similar
Si-O-Si bond formation but resulting in epoxide (i.e., epoxy group) terminated film over
the sample surface [156],[157].
One of major problems associated with organo-functional alkyoxysilane based silaniza-
tion is the co-polymerization in the presence of traces of water, forming aggregates and
disordered mulitlayer layers on the substrate [155]. In the absence of moisture(or low wa-
ter content), grafting could occur owing to the direct nucleophilic attack of the surface
groups (silanols) on the silane molecules [155]. It has been observed that the use of or-
ganic solvents for the preparation of the silane solutions helps in reducing the formation
of the inhomogeneous, unstable, and disordered multilayers [145],[158]. Moreover, the
intermediary hydrolysis can be controlled by activating the -OH radicals on the surface
of the silicon sample before immersion in the silane solutions [76],[159]. There are vari-
ous other factors that affect the silanization process such as the concentration of the silane
[148],[160], silanization time [161], moisture (humidity) [155], curing temperature [154],
temperature and volume of the solution [162], size and pressure of immersion chamber
[150].
It has been observed that the immersion based silanization process is extensively em-
ployed by the researchers to generate silane functionalized samples. The repeatability of the
process is another challenge, especially when generating monolayer thickness [154],[161].
The thickness of silanization layer plays a key role in sensitivity and molecular immobi-
lization efficiency for biosensor [78],[116],[163], and hence repeatable control over the
silanization thickness and density (i.e., monolayer deposition of APTES or GPTMS) is
extremely important [148].
I present an optimized silanization protocol for the generation of amine terminated (us-
ing APTES silane) surfaces over the silicon, glass, PDMS, and MWCNT samples, and




(1) Spin coating of silanes
Three different solutions for APTES and GMPTS have been prepared with concentrations
of 1%, 5%, and 10% (v/v), using anhydrous 2-Propanol solvent (anhydrous Ethanol, anhy-
drous Methanol, and Toluene can also be used). The solutions are properly mixed together
using a vortexer (Thermo Scientific) at 1500rpm for 30 seconds. The SCS G3P8 spin coater
setup has been used to spin coat the prepared solutions over the cleaned and dehydrated sil-
icon and glass samples. The samples are placed in the setup and three drops of the solution
are dropped over them using a pipette. Four different spin speeds i.e., 2000rpm, 2500rpm,
3000rpm, and 4000rpm are utilized to evaluate the silanization performance. Each sample
has been spinned for 30 seconds. Once the spin coating is complete, the samples are rinsed
with 2-Propanol and baked for 100◦C for 15 minutes over a hotplate to achieve uniform
immobilization of APTES or GMPTS over the sample surface. Tables 4.1 and 4.2 shows
the variation of the thickness of APTES silane and GMPTS silane (in 2-Propanol) over
silicon samples for different spin speeds, respectively.
(2) Immersion based coating of silanes
After preparation and hydrophilization of the samples, the samples are immersed in 1%,
5%, 10% solution (v/v) of APTES and GMPTS in anhydrous 2-Propanol for 15 minutes,
30 minutes, 1 hour, and 2 hours. After the desired time, the samples are taken out, rinsed
with anhydrous 2-Propanol, and dried using nitrogen gas. The dried samples are then cured
for 15 minutes at 100◦C on a hotplate for 15 minutes to achieve uniform immobilization
of APTES or GMPTS over the sample surface. Tables 4.3 and 4.4 shows the variation of
the thickness of APTES silane and GMPTS silane over the silicon samples for different
immersion times, respectively.
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Table 4.1: Variation of thickness of APTES silane (in 2-Propanol) over silicon samples for
different spin speeds
Spin Speed
(rpm) Thickness of silane over silicon sample (nm)
1% APTES 5% APTES 10% APTES
2000 80.72 102.45 112.15
2500 53.56 83.62 104.83
3000 31.27 57.89 82.01
4000 18.17 37.51 54.46
Table 4.2: Variation of thickness of GMPTS silane (in 2-Propanol) over silicon samples for
different spin speeds
Spin Speed
(rpm) Thickness of silane over silicon sample (nm)
1% GMPTS 5% GMPTS 10% GMPTS
2000 1.74 2.79 3.57
2500 1.53 2.58 3.25
3000 1.41 2.43 3.08
4000 1.36 2.25 2.94
4.4.2 Silanization of Silicon Sample
The silicon samples have been silanized with APTES and GMPTS using both of the above
mentioned silanization techniques. The attachment of silanes over the samples has been
been monitored using the ellipsometery, FTIR, and XPS characterization techniques (de-
tails of the techniques explained earlier).
4.4.3 Silanization of Glass Sample
The glass samples have been silanized with APTES and GMPTS using both of the above
mentioned silanization techniques. The attachment of silanes over the glass samples has
been been monitored using the ellipsometery, FTIR, and XPS characterization techniques.
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Table 4.3: Variation of thickness of APTES silane (in 2-Propanol) over silicon samples for
different immersion times
Immersion Time
(minutes) Thickness of silane over silicon sample (nm)
1% APTES 5% APTES 10% APTES
15 14.27 42.71 68.16
30 70.82 123.14 183.49
60 132.75 207.42 287.31
Table 4.4: Variation of thickness of GMPTS silane (in 2-Propanol) over silicon samples for
different immersion times
Immersion Time
(minutes) Thickness of silane over silicon sample (nm)
1% GMPTS 5% GMPTS 10% GMPTS
15 1.57 2.43 2.97
30 2.17 3.27 4.32
60 2.57 4.15 5.86
4.4.4 Silanization of PDMS Sample
The PDMS samples have been silanized with APTES and GMPTS using the immersion
based silanization technique. The attachment of silanes over the PDMS samples has been
been monitored using the FTIR and XPS characterization techniques.
4.4.5 Silanization of MWCNT Sample
The MWCNT samples have been silanized with APTES and GMPTS using the immersion-
based silanization techniques. The attachment of silanes over the samples has been been
monitored using the FTIR and XPS characterization techniques.
4.5 Glutaraldehyde based modification of silanized samples
A solution of 2.5% glutaraldehyde (GA) in 1X-PBS (v/v) has been prepared. The silanized
samples of silicon, glass, PDMS, and MWCNTs are immersed in the glutaraldehyde solu-
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tion for 30 minutes at room temperature in separate petri dishes using 5 to 10ml of solution
for each sample. The samples are then taken out, rinsed using 1X-PBS solution, dried using
nitrogen gas, and then characterized using FTIR and XPS characterization techniques.
4.6 Biomolecular immobilization over the samples
Numerous biomolecular immobilization protocols have been presented in the literature
[76]. I investigated two different protocols for generating the Avidin functionalized sur-
faces over the APTES silanized samples.
4.6.1 Avidin immobilization over APTES modified surfaces
The first protocol involves activation of the silanized surfaces using the EDC/NHS protocol,
resulting in a carbodiimide/ester functionalized surface [76]. The second protocol involves
functionalization of the silainized surfaces with glutaraldehyde (GA) to form aldehyde-
functionalized surfaces [76]. A 100µg/ml of Avidin solution in 1X-PBS has been used for
the analysis.
Protocol (1) - Carbodiimide/Ester functionalized surface
Avidin solution is mixed with 0.04M N-Hydroxysuccinimide (NHS) and 0.06M N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) in 1X-PBS (or MES buffer
(pH 5.3)). The APTES coated samples are then incubated in the solution having Avidin at
room temperature for 1 hour to have a uniform Avidin adsorption over the surface. The
samples are then rinsed using 1X-PBS solution to remove the unattached Avidin, dried
using nitrogen gas, and taken for characterization.
Protocol (2) - Aldehyde-functionalized surface
The GA-APTES modified samples are immersed in the Avidin solution at room tempera-
ture for 1 hour to have a uniform Avidin adsorption over the surface. The samples are then
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rinsed using 1X-PBS solution to removed the unattached Avidin, dried using nitrogen gas,
and then taken for characterization.
Analysis of the Avidin immobilization protocols
The first protocol is based on the conversion of a carboxylic acid group into an NHS-ester
by exposing the self assembled monolayer (SAM) of the APTES silane using a solution of
EDC/NHS. This mechanism has been extensively used in the literature for generation of
protein biochips [76]. The active ester undergoes a nucleophilic attack by an amine group,
leading to the formation of an amide bond linking the protein to the assembled monolayer
of the silane on the substrate. One of the major challenges associated with this mechanism
is the susceptibility of the active ester to hydrolysis [164]. Generally, this activation is
carried out in aqueous solutions where hydrolysis becomes a seriously competing reaction.
Mechanism such as anhydrous environments, pH controlled buffer, etc. has been presented
in the literature to overcome this issue [76],[164]. I employed MES buffer solution (pH 5.4)
along with the 1X-PBS solution (pH 7.4) to enhance the reaction’s favorable conditions.
Repeatable results has been achieved at the cost of extensive care to avoid the competing
hydrolysis reaction of the NHS-ester. It is recommended to prepare the EDC/NHS/Avidin
solution immediately before the the functionalization and testing of the samples.
The second protocol is based on the activation of the amine functionalized SAM of
APTES to form an aldehyde functionalized surface using the glutaraldehyde solution. Glu-
taraldehyde is a readily available, low cost biomolecular reagent, having a bifunctional
molecule that contains two aldehyde groups separated by a short alkyl chain. One of the
molecules reacts with the amine functionalized surface to form an imine bond, yielding an
aldehyde functionalized surface. This approach results in a much easier and swift approach
towards generation of protein (Avidin) surfaces. The approach is not prone to the com-
peting reactions such as hydrolysis of the NHS-esters and does not require handling and
processing with intricate buffers for surface functionalization. Moreover, these aldehyde
41
functionalized chips can be stored for later usage, unlike the EDC/NHS activated surfaces,
which have to immediately utilized once activated. Therefore, the glutaraldehyde based
surface functionalization scheme has been selected for the experiments.
4.6.2 Avidin-Biotin Immobilization
ATTO 520 Biotin fluorescent tag is used to detect the Avidin adsorption over the surface of
the samples. The samples are immersed in 100 µg/ml of the ATTO 520 biotin solution for
1.5 hours and then taken out for fluorescence measurements.
4.7 In-Situ Surface Modification of PDMS-based microfluidic chip
4.7.1 Microfluidic Device Fabrication
The fabrication of the PDMS microfluidic devices has been explained in detail in Chapter 3.
Briefly, the SU-8 2035 negative photoresist is spin coated over the silicon wafers to achieve
a uniform thickness of 50µm. The spin coated wafer is then soft baked for 6 minutes at
65◦C and 9 minutes at 90◦C. The microfluidic channel’s pattern is then defined by exposing
the SU-8 using the MA-6 mask aligner setup with UV light (i-line, λ = 365nm) and a
transparency mask. A post exposure bake for 6 minutes at 65◦C and 9 minutes at 90◦C is
performed. The wafer is then developed in SU-8 developer (purchased from MicroChem,
US) for 10 minutes, washed using IPA, dried using nitrogen gas, and inspected using a
microscope and a profilometer. Once the master mold is made, it is silanized using (3-
Mercaptopropyl)trimethoxysilane in a vacuum desiccator for 12 hours.
Sylgard 184 base and the curing agent are thoroughly mixed in 10:1 ratio, respectively.
The mixture is then poured over the silanized master template in a plastic petri dish and
degassed using vacuum desiccator for 6 hours. Once degassed, the PDMS is placed in an
oven at 65◦C for 4 hours for curing. The cured PDMS mold is peeled off the master mold
using a razor blade and punch through holes are made for the fluid inlet. The PDMS mold
is then cleaned using IPA, dried using nitrogen gas, and placed in the UVCOS (UV-Ozone
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cleaning system) system for 10 minutes along with the silicon (or glass) substrate. After
10 minutes, the PDMS is taken out and carefully placed on the substrate, slightly pressed,
and heated for 30 minutes on a hotplate at 65◦C to ensure bonding. Once the bonding is
complete, tubing, and connectors are attached to have inlet and outlet for the microfluidic
chip.
The microfluidic chips are tested for flow leakage and clogging after the bonding pro-
cess. Phosphate Buffer Saline (1X-PBS) solution (pH 7.4) has been flown at different flow
rates and perfect flows of PBS without any leakage and clogging has been observed in the
microfluidic chip. The microfluidic chip consists of a simple 50µm deep rectangular cham-
ber with a width and length of 500µm and 1cm, respectively. A flow of 10µl/min flow has
been used throughout the experiments, unless stated otherwise.
4.7.2 In-situ surface oxidation
The microfluidic chip is initially purged with the 1X-PBS solution (pH 7.4) to remove the
trapped air bubbles. Once the air is removed, an in-situ solution-based oxidation of the
PDMS microfluidic chip has been performed. An oxidizing solution containing hydrogen
peroxide (H2O2), hydrochloric acid (HCl), and water (H2O) (in a volume ratio 1:1:5)
is flowed for 10 minutes. The microfluidic chip is then purged with 1X-PBS solution,
resulting in a hydrophilic silanol-covered PDMS surface.
4.7.3 In-situ silanization with APTES
The silanol-covered hydrophilic PDMS surfaces of the microfluidic chip are then treated
with a silanization solution of 5% APTES (C9H23NO3Si) in 2-Propanol (in a volume
ratio) for 15 minutes, followed by a 2-Propanol rinse to remove the unreacted APTES. The
microfluidic chip is then baked at 80◦C for 30 minutes in an oven, followed by rinsing with
1X-PBS solution for 5 minutes. This results in an amino grafted PDMS and silicon/glass
surfaces.
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4.7.4 In-Situ silanization with GPTMS
The silanol-covered hydrophilic PDMS surfaces of the microfluidic chip are then treated
with a silanization solution of 5% GPTMS (C9H23NO3Si) in 2-Propanol (in a volume
ratio) for 15 minutes, followed by a 2-Propanol rinse to remove the unreacted GPTMS. The
microfluidic chip is then baked at 80◦C for 30 minutes in an oven, followed by rinsing with
1X-PBS solution for 5 minutes. This results in an epoxy grafted PDMS and silicon/glass
surfaces.
4.7.5 In-situ generation of aldehyde surface
A 2.5% glutaraldehyde (C5H8O2) solution in 1X-PBS (in volume ratio) is flowed through
the amino grafted microfluidic chip’s surface for 15 minutes to generate aldehyde func-
tionalized surfaces. this is followed by a 30 minutes of incubation at room temperature.
The microfluidic chip is then rinsed with 1X-PBS solution for 5 minutes to remove the
unreacted glutaraldehyde solution.
4.7.6 In-situ protein capturing on APTES modified surface
Avidin is a tetrameric biotin-binding protein with an estimate size of 66 - 69 kDa. FITC
tagged Avidin protein has been used to monitor the attachment of Avidin to the aldehyde
modified surfaces. A 10µg/ml of FITC Avidin solution in 1X-PBS has been prepared
and is flowed through the microfluidic chips for 30 minutes. The microfluidic chip is then
incubated at room temperature for 30 minutes to have a uniform Avidin adsorption over
the surfaces of the microfluidic chip. The microfluidic chip is then rinsed using 1X-PBS
solution to removed the unreacted FITC tagged Avidin.
4.7.7 In-situ lectin attachment on GPTMS modified surface
FITC tagged MAA-II Lectin has been used to to monitor the attachment of Lectin to the
epoxy functionalized surfaces. A 100µg/ml of FITC MAA-II Lectin solution in 1X-PBS
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has been prepared and is flowed through the microfluidic chip for 30 minutes. The mi-
crofluidic chip is then incubated at room temperature for 30 minutes to have a uniform
Lectin adsorption over its surfaces. The microfluidic chip is then rinsed using 1X-PBS































Figure 4.1: Fluorescence optical images obtained for 500µm wide and 50µm deep mi-
crochannels with (a) 10 µg/ml FITC-Avidin coating and (b) 100 µg/ml FITC-Maackia
Amurensis (MAA) Lectin. The inset bar graph shows the obtained fluorescence intensities
using the ImageJ software. Similar exposure settings has been used to obtain both of the
images.
4.7.8 In-situ IgG protein attachment and detachment demonstration
I have used IgG antigen (produced from rabbit serum, lyophilized power) and biotinylated
it with a photocleavable biotin linker (i.e., PC-biotin-PEG3-NHS-ester). The IgG antigen
(2mg) is dissolved in 1 ml of 1X-PBS solution and 1 mg of PC-biotin-PEG3-NHS-ester
is dissolved in 119 µl of N,N-Dimethylformamide (DMF) just before use. 26.6 µl of the
solution is then added to the 2mg/ml solution of the biotinylated-IgG serum , followed by
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incubation on ice for 2 to 3 hours. After the incubation, the excess PC-biotin-PEG3-NHS
ester is removed using 0.5 ml micro-concentrator vials (Amicon 0.5ml Ultra, purchased
from Sigma Aldrich, US) using a microcentrifuge device (1000g, 100 kDa MW cutoff, 30
minutes).
The biotinylated-PC-IgG serum solution is diluted to a concentration of 0.5 mg/ml us-
ing 1X-PBS solution and is then flowed in the microfluidic chip for 5 minutes. The chip is
then incubated at room temperature for 30 minutes. The process is repeated three times to
have a uniform adsorption of biotinylated-PC IgG protein across the PDMS capture cham-
ber. The unabsorbed sample is removed using 1X-PBS rinse. Blocking solution of BSA
(Bovine Serum Albumin) in 1X-PBS (1%(w/v)) is then flowed for 5 minutes and the chip
is incubated for 30 minutes at room temperature to prevent the non-specific adsorption.
The efficacy of this functionalization protocol (i.e., attachment and release of the IgG
protein) is evaluated using FITC tagged anti-IgG secondary antibodies (anti-rabbit IgGs
produced in goat). A solution of the secondary anti-bodies is made in 1X-PBS with a con-
centration of 100µg/ml and is flowed in the microfluidic chip for 10 minutes. The chip
is then incubated at room temperature for 30 minutes (in dark environment wrapped in
aluminum foil). The chip is rinsed with 1X-PBS for 5 minutes and imaged for fluores-
cence measurements. Once the fluorescence is observed, the chip is placed under a UV
lamp (MJB4 Mask Aligner Lamp, 11.1mW/cm2 intensity, distance of 5cm) for 10 min-
utes. After the exposure, the chip is rinsed using 1X-PBS solution for 10 minutes and the
fluorescence is measured again.
4.8 Characterization Techniques
4.8.1 Spectroscopic Ellipsometry Measurements
The variable angle spectroscopic ellipsometry (VASE) characterization of the samples has
been performed using Woollam M2000 Ellipsometer setup (J. A. Woollam Co., Lincoln,
NE, USA). The spectroscopic data was obtained from 370 nm to 1690 nm at three different
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Figure 4.2: Fluorescence optical micrograph for IgG - anti IgG (FITC) functional microflu-
idic chip (a) Pre-UV exposure fluorescence image in a straight microfluidic channel (b)
Pixel intensity variation across the cut-line (white line in (a) obtained using ImageJ soft-
ware) (c) Post-UV exposure fluorescence image in the straight microfluidic channel (d) Pre-
UV exposure fluorescence image in the micropillar based microfluidic capture chamber (e)
Pixel intensity variation across the cut-line (white line in (d) obtained ImageJ software) (f)
Post-UV exposure fluorescence image in the micropillar based microfluidic capture cham-
ber. The fluorescence reading has been obtained at different exposure settings.
angles of 60◦, 65◦, and 70◦. Five different points on the sample has been measured and
the best fit analysis for the obtained data has been performed using the Cauchy dispersion
model [165]. The thickness and refractive index measurements for each layer has been
obtained from the observed data.
4.8.2 Fourier Transform Infra-Red (FTIR) Spectroscopy
The FTIR spectrum of the samples has been observed using Nicolet iS50 FT-IR (Thermo
Scientific, USA) setup. The built-in mid and far IR capable diamond stage has been used to
observe the spectrum for each of the silanized samples. The observations has been obtained
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at 4cm−1 resolution for background (no sample) and with the sample, using 200 repetitive
scans to minimize the signal to noise ratio. A complete spectrum for each sample was
obtained from 500cm−1 to 3500cm−1 .
4.8.3 X-Ray photoelectron spectroscopy (XPS)
The chemical composition of each sample after each coating step has been performed us-
ing X-Ray photoelectron spectroscopy (XPS) analysis using K-Alpha X-ray photoelectron
spectrometer (Thermo Fisher Scientific, Inc., US). A survey spectrum has been collected
from 0 to 1100 eV, with each scan (10 scans in total for survey spectrum) having a pass
energy of 160 eV, dwell time of 50 ms and a 400 µm spot size for each of the sample.
Individual spectrum for silicon, carbon, nitrogen, and oxygen has also been collected with
each scan having a pass energy of 50 eV and a dwell time of 50 ms to perform the elemen-
tal analysis. 10 scans has been performed for each of the elements to have better signal to
noise performance.
4.8.4 Fluorescence Microscopy
Zeiss 710 NLO confocal microscope and Zeiss axio-observer Z1 Fluorescent Microscope
has been used to observed the fluorescence measurements from the sample. ATTO 520
fluorescence tagged biotin, FITC tagged Avidin, FITC tagged secondary IgG antibodies,
and FITC tagged MAA-II lectins have been employed as fluorescence tagged biomolecules
to monitor the surface coating. The ATTO 520 tag works best for an excitation wavelength
of 520 nm, resulting in an emission of 540 nm, while the FITC tag works best for an
excitation wavelength of 490nm, resulting in an emission of 525nm. These both tags can
be easily observed using the Zeiss confocal and axio-observer systems.
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4.9 FTIR Characterization Results
4.9.1 Analysis for Silicon and PDMS Samples
Figure 4.3: The figure shows FTIR spectra for APTES, GLD, Avidin coated silicon sample
in the range of (a) 900 to 1300 cm−1 (b) 1300 to 1800 cm−1, and (c) 2800 to 3500 cm−1.
FTIR spectra of APTES, GLD, Avidin coated PDMS sample in the range of (d) 900 to
1300 cm−1 (e) 1300 to 1800 cm−1, and (f) 2800 to 3500 cm−1.
Complete FTIR spectrum for the APTES, glutaraldehyde, and Avidin attachment over
a silicon and PDMS surface has been collected from 550 to 5000 cm−1. Three different
wavelength ranges i.e., 900 to 1300 cm−1, 1300 to 1800 cm−1, and 2800 to 3500 cm−1 has
been selected for observation of the surface functionalization of silicon and PDMS surface.
Figures 4.3(a), 4.3(b), and 4.3(c) shows the FTIR spectrum observed for functionalization
of a silicon sample while the figures 4.3(d), 4.3(e), and 4.3(f) shows the FTIR spectrum
observed for functionalization of a PDMS sample, for different ranges of wavelength as
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mentioned, respectively.
Figure 4.3(a) and 4.3(d) shows the spectrum observed in the range of 900 to 1300 cm−1
for both silicon and PDMS samples, respectively. Longitudinal optical mode (LO mode)
has been observed in the silicon sample around 1230 to 1235 cm−1 owing to the presence
of the thin, reflective native oxide over the silicon surface, whereas, no such mode can
been seen for the PDMS sample. Vibrational modes around 960, 1080, and 1195 cm−1 has
been observed and are considered to arise from unhydrolyzed ethoxy moieties in APTES
(−OCH2CH3). The extremely low intensity of these peaks indicate very low amount
of condensation of APTES resulting in thin layer of APTES over the silicon and PDMS
surface. The peaks at 1045 cm−1 and 1125 cm−1 are attributed for the presence of Si-O-
Si and Si-O moieties, respectively. The low intensity of these peaks also correspond to
the extremely small thickness of the APTES adsorbed layer over the silicon and PDMS
samples.
Figure 4.3(b) and 4.3(e) shows the spectrum observed in the range of 1300 to 1800
cm−1 for both silicon and PDMS samples, respectively. Peaks observed around 1655 cm−1
reveals the presence of a vibration mode owing to the imine group. Peaks corresponding to
1330, 1480, and 1590 cm−1 are considered to be the vibrational modes from the bicarbon-
ate amino groups of the physiosorbed or condensed APTES films over the surface of silicon
and PDMS, respectively. The symmetric and asymmetric deformation modes of the−CH3
group from ethoxy moieties of APTES has been observed around 1390 and 1440 cm−1,
respectively. The presence of these two modes indicates the existence of ethoxy groups in
APTES, presumably due to incomplete siloxane condensation. The bending mode of the
methylene group −CH2 adjacent to the silicon in APTES has been observed with a peak
around 1410 cm−1. The surfaces are treated with glutaraldehyde solution after silanization.
The FTIR spectra indicates the reactions between the glutaraldehyde and silane functional
group. A relative increase in the visibility of imine (-C=N-) band i.e., 1620 - 1660 cm−1
has been observed while the intensity of the dominant amine (-NH2) band at 1580 cm−1
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has been decreased after the reaction with glutaraldehyde. This imine group is expected to
be formed by the Schiff base reaction where a nucleophilic reaction takes place between
the amine group (from silanes) and the aldehyde group (from the glutaraldehyde). A vi-
brational peak at 1720 cm−1 has been detected which is the characteristic of C=0 groups
present in the aldehydes. The glutaraldehyde treatment is followed by Avidin treatment of
the samples. The appearance of distinct amide I peak at around 1650 cm−1 is a character-
istic of Avidin. This peak is a an indicator of a predominately β-sheet and extended sheet
structure of the Avidin protein. Amide II peak at 1450 cm−1 has also been observed for the
Avidin treated samples.
Figure 4.3(c) and 4.3(f) shows the spectrum observed in the range of 2800 to 3500 cm−1
for both silicon and PDMS samples, respectively. Similar trends has been observed for the
both samples. Peaks observed between 2800 and 3000 cm−1 originate from the stretching
of the -CH modes of the APTES and ethoxy groups whereas, symmetric and asymmetric -
NH mode stretching, owing the presence of amino groups in the APTES has been observed
around 3250 to 3350 cm−1. No broad peak around 3300 cm−1 has been observed show-
ing negligible presence of -OH bonds i.e., trapped water or moisture in the cured APTES
film over the silicon, as well as the PDMS sample. The -NH and -CH mode stretching has
also been observed for the glutaraldehyde and Avidin treated samples. Moreover, widen-
ing of peaks around 3300 cm−1 for both glutaraldehyde and Avidin treated samples also
indicates the presence of -OH bonds. This widening of -CH, -NH, and -OH peaks is more
predominant for the silicon samples compared to the PDMS samples.
4.9.2 Analysis for Glass Samples
Complete FTIR spectrum for the APTES, glutaraldehyde, and Avidin attachment over a
glass surface has been collected from 550 to 5000 cm−1. Three different wavelength ranges
i.e., 800 to 1300 cm−1, 1300 to 1800 cm−1, and 2400 to 3600 cm−1 has been selected for
observation of the surface functionalization of the glass surface. Figures 4.4(a), 4.4(b), and
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Figure 4.4: The figure shows FTIR spectra for APTES, GLD, Avidin coated glass sample
in the range of (a) 900 to 1300 cm−1 (b) 1300 to 1800 cm−1, and (c) 2400 to 3600 cm−1.
4.4(c) shows the FTIR spectrum observed for functionalization of the glass sample.
Figure 4.4(a) shows the spectrum observed in the range of 800 to 1300 cm−1 for the
glass sample. Vibrational modes around 960, 1080, and 1195 cm−1 has been observed and
are considered to arise from unhydrolyzed ethoxy moieties in APTES (−OCH2CH3). The
extremely low intensity of these peaks indicate very low amount of condensation of APTES
resulting in thin layer of APTES over the silicon and PDMS surface. The peaks at 1045
cm−1 and 1125 cm−1 are attributed for the presence of Si-O-Si and Si-O moieties, respec-
tively. The low intensity of these peaks also correspond to the extremely small thickness
of the APTES adsorbed layer over the silicon and PDMS samples. The APTES surfaces
treated with glutaraldehyde show flattened responses as the glutaraldehyde treatment re-
moves the unadsorbed and condensed APTES from the surface, generating an aldehyde
modified surface.
Figure 4.4(b) shows the spectrum observed in the range of 1300 to 1800 cm−1 for the
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glass sample. Peaks observed around 1655 cm−1 reveals the presence of a vibration mode
owing to the imine group. Peaks corresponding to 1330, 1480, and 1590 cm−1 are consid-
ered to be the vibrational modes from the bicarbonate amino groups of the physiosorbed or
condensed APTES films over the glass surface. The symmetric and asymmetric deforma-
tion modes of the −CH3 group from ethoxy moieties of APTES has been observed around
1390 and 1440 cm−1, respectively. The presence of these two modes indicates the exis-
tence of ethoxy groups in APTES, presumably due to incomplete siloxane condensation.
The bending mode of the methylene group −CH2 adjacent to the silicon in APTES has
been observed with a peak around 1410 cm−1. The surfaces are treated with glutaralde-
hyde solution after the silanization. The FTIR spectra indicates the reactions between the
glutaraldehyde and silane functional group. A relative increase in the visibility of imine
(-C=N-) band i.e., 1620 - 1660 cm−1 has been observed while the intensity of the dominant
amine (-NH2) band at 1580 cm−1 has been decreased after the reaction with glutaralde-
hyde. This imine group is expected to be formed by the Schiff base reaction where a
nucleophilic reaction takes place between the amine group (from silanes) and the aldehyde
group (from the glutaraldehyde). A vibrational peak at 1720 cm−1 has been detected which
is the characteristic of C=0 groups present in the aldehydes. The glutaraldehyde treatment
is followed by Avidin treatment of the samples. The appearance of distinct amide I peak at
around 1650 cm−1 is a characteristic of Avidin. This peak is a an indicator of a predomi-
nately β-sheet and extended sheet structure of the Avidin protein. Amide II peak at 1450
cm−1 has also been observed for the Avidin treated samples.
Figure 4.4(c) shows the spectrum observed in the range of 2400 to 3600 cm−1 for the
glass sample. Peaks observed between 2800 and 3000 cm−1 originate from the stretching
of the -CH modes of the APTES and ethoxy groups whereas, symmetric and asymmetric -
NH mode stretching, owing the presence of amino groups in the APTES has been observed
around 3250 to 3350 cm−1. No broad peak around 3300 cm−1 has been observed showing





Figure 4.5: The figure shows FTIR spectrum for the untreated MWCNT sample
over the silicon, as well as the PDMS sample. The -NH and -CH mode stretching has also
been observed for the glutaraldehyde and Avidin treated samples. Moreover, widening of
peaks around 3300 cm−1 for both glutaraldehyde and Avidin treated samples also indicates
the presence of -OH bonds.
4.9.3 Analysis for MWCNT Samples
Complete FTIR spectrum for the APTES, glutaraldehyde, and Avidin attachment over
MWCNT samples has been collected from 550 to 5000 cm−1. Three different wavelength
ranges i.e., 800 cm−1 to 1300 cm−1, 13000 cm−1 to 1800 cm−1, and 2800 cm−1 to 3400
cm−1 has been selected for observation of the surface functionalization of the MWCNT
samples. Figures 4.5 shows the FTIR spectrum observed for untreated pristine MWCNT




Figure 4.6: The figure shows FTIR spectra for APTES and glutaraldehyde treated MWCNT
sample
ples show21 the stretching vibrational peaks observed from 2100 to 2260 cm−1 shows the
presence of Alkynes. This observation substantiates the fact that multiple alkynes react
with acetylene to form the MWCNTS [166]. The aromatic weak vibrational stretching is
observed from 1400 to 1600 cm−1. Moreover, the presence of the vibrational stretching
around 1620 to 1680 cm−1 also ensure the presence of C=C bonds.
The MWCNTs have shown similar peaks and trends for APTES functionalization as
seen earlier with the silicon, PDMS, and glass samples. Similarly, identical peaks and
trends have been observed for the glutaraldehyde and Avidin treated MWCNT samples.
These trends can be observed in the plots shows in figures 4.6 and 4.7.
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Figure 4.7: The figure shows FTIR spectrum for the Avidin treat MWCNT samples
4.10 XPS Characterization Results
The figure 4.8 shows the XPS survey spectra obtained for a cleaned silicon sample without
any surface functionalization (in red) and an Avidin functionalized silicon sample (in blue).
The peaks (in red) show the presence of Silicon and Oxygen in the sample. The presence
of the oxygen peak substantiates the presence of native oxide layer over the silicon sample.
Two new peaks for has been observed in the Avidin spectrum (in blue) showing the presence
of Carbon and Nitrogen over the surface. Moreover, the intensity of the silicon and oxygen
peaks has also decreased in the spectrum shown for Avidin functionalization. These results
shows the presence of Avidin over the Silicon sample.
The table 4.5 contains the elemental composition of Silicon, Nitrogen, Oxygen, and






Figure 4.8: The figure shows survey XPS spectra for a plain silicon sample (red) and Avidin
coated silicon sample (blue)
compounds employed for the surface functionalization. The table presents the variations
in the atomic percentage for each of the elements, corresponding to every surface func-
tionalization step. The results shows the viability of the Silicon surface functionalization
protocol by showing the presence of biomolecular attachment over the surface.
The figure 4.9 shows the XPS survey spectra obtained for a cleaned glass sample with-
out any surface functionalization (in red) and an Avidin functionalized glass sample (in










Plain Sample 53.91 4.64 41.45 0
APTES Coating 14.54 48.78 25.92 10.76
APTES - Glutaraldehyde
Treatment 9.65 59.58 22.31 8.52
Avidin Coating 9.82 56.6 23.43 10.14
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Figure 4.9: The figure shows survey XPS spectra for a plain glass sample (red) and Avidin
coated glass sample (blue)
blue). The peaks (in red) show the presence of Silicon and Oxygen in the sample. The
presence of the both the elements substantiates the composition of glass i.e., silicon ox-
ide. Two new peaks for has been observed in the Avidin spectrum (in blue) showing the
presence of Carbon and Nitrogen over the surface. Moreover, the intensity of the Silicon
and Oxygen peaks has also decreased in the spectrum shown for Avidin functionalization.
These results shows the presence of Avidin over the glass sample.
The table 4.6 contains the elemental composition of Silicon, Nitrogen, Oxygen, and









Plain Sample 27.5 9.42 63.08 0
APTES Coating 19.3 49.77 23.82 7.12
APTES - Glutaraldehyde
Treatment 10.12 60.53 21.48 7.87
Avidin Coating 10.82 58.13 22.82 8.23
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Plain Sample 0 96.36 3.27 0
APTES Coating 7.4 67.04 20.66 4.89
APTES - Glutaraldehyde
Treatment 9.8 61.74 19.95 8.51
Avidin Coating 10.5 53.63 27.21 9.12
Carbon over the glass sample. These elements are the constituents of the biomolecular
compounds employed for the surface functionalization. The table presents the variations in
the atomic percentage for each of the elements, corresponding to every surface functional-
ization step. The results shows the viability of the glass surface functionalization protocol





Figure 4.10: The figure shows survey XPS spectra for a MWCNT sample (red) and Avidin
coated MWCNT sample (blue)
The figure 4.10 shows the XPS survey spectra obtained for a MWCNT sample without
any surface functionalization (in red) and an Avidin functionalized MWCNT sample (in
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Plain Sample 19.47 51.07 3.2729.19 0
APTES Coating 24.83 44.34 29.35 1.49
APTES - Glutaraldehyde
Treatment 11.28 60.29 23.29 5.14
Avidin Coating 10.52 58.17 24.02 7.29
blue). The peaks (in red) show the presence of Carbon and Oxygen (small intensity peak)
in the sample. The presence of the both the elements substantiates the composition of the
MWCNTs. A dominant Carbon peaks shows a strong presence of Carbon, which is the
primary constituent of the MWCNTs. The Oxygen peak can be attributed to some oxida-
tion or trapped Oxygen in the MWCNT sample. Two new peaks for Silicon and Nitrogen
has been observed in the Avidin spectrum (in blue) showing the presence of Silicon and
Nitrogen over the surface. Moreover, the intensity of the Carbon peak has considerably de-
creased, while the Oxygen peak becomes more prominent for the Avidin functionalization.
These results shows the presence of Avidin over the MWCNT surface.
The table 4.7 contains the elemental composition of Silicon, Nitrogen, Oxygen, and
Carbon over the MWCNT sample. These elements are the constituents of the biomolecular
compounds employed for the surface functionalization. The table presents the variations in
the atomic percentage for each of the elements, corresponding to every surface function-
alization step. The results shows the viability of the MWCNT surface functionalization
protocol by showing the presence of biomolecular attachment over the surface.
The figure 4.11 shows the XPS survey spectra obtained for a PDMS sample without
any surface functionalization (in red) and an Avidin functionalized PDMS sample (in blue).
The peaks (in red) show the presence of Silicon, Carbon, and Oxygen in the sample. The
presence of these elements substantiates the composition of the PDMS. One new peak
for Nitrogen has been observed in the Avidin spectrum (in blue) showing the presence




Figure 4.11: The figure shows survey XPS spectra for a plain PDMS sample









Plain Sample 54.21 1.89 43.89 0
GPTMS Coating 17.61 54.45 27.92 0
changed, showing prominent functionalization of the PDMS surface with the Avidin.
The table 4.8 contains the elemental composition of Silicon, Nitrogen, Oxygen, and
Carbon over the PDMS sample. These elements are the constituents of the biomolecular
compounds employed for the surface functionalization. The table presents the variations
in the atomic percentage for each of the elements, corresponding to every surface func-
tionalization step. The results shows the viability of the PDMS surface functionalization
protocol by showing the presence of biomolecular attachment over the surface.
The figure 4.12 shows the XPS survey spectra obtained for a cleaned Silicon sample




Figure 4.12: The figure shows survey XPS spectra for a plain silicon sample (red) and
GPTMS coated silicon sample (blue)
(in blue). The peaks (in red) show the presence of Silicon and Oxygen over the sample.
The presence of the Oxygen peak substantiates the presence of a native oxide layer over
the Silicon sample. One new peak has been observed in the GPTMS spectrum (in blue)
showing the presence of Carbon over the surface. Moreover, the intensity of the silicon
and oxygen peaks has also decreased in the spectrum shown for GPTMS functionalization.
These results shows the presence of GPTMS over the Silicon sample. The GPTMS epoxy
silane does not contain any Nitrogen, unlike the other surface functionalization reagents
employed earlier. This fact is evident from the obtained XPS spectrum.
The table 4.9 contains the elemental composition of Silicon, Nitrogen, Oxygen, and
Carbon over the GPTMS coated silicon sample. These elements are the constituents of the
biomolecular compounds employed for the surface functionalization. The table presents
the variations in the atomic percentage for each of the elements, corresponding to every
surface functionalization step. The results shows the viability of the Silicon surface func-
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tionalization protocol by showing the presence of biomolecular attachment over the surface.
It should be noted that no Nitrogen has been observed in the analysis.
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CHAPTER 5
MICROPILLAR BASED MICROFLUIDIC PLATFORM FOR ON-CHIP
BIOMOLECULAR PRE-CONCENTRATION AND FILTRATING
5.1 Introduction
In this chapter, I present my approach for biomolecular (e.g., proteins, biomarkers) filter-
ing and pre-concentration based on affinity-based separation approach. In this approach,
the target biomolecule is captured and pre-concentrated on a surface (i.e., PDMS micropil-
lars) based on the binding of the biomolecule to its specific affinity epitope. The pre-
concentrated biomolecules are then released on demand and can be recaptured on a sensing
transducer (e.g., optical sensor arrays), allowing a complete label-free sensing and profiling
(secondary epitopes such as glycoforms) of the biomolecules. This chapter covers the cap-
turing, pre-concentration, glycoprofiling, and on demand release of the desired PSA cancer
biomolecules.
I present a detailed account of a multi-step surface functionalization protocol to opti-
mize on-the-flow surface functionalization and the capturing efficiency of biomolecules in a
microfluidic platform. I designed, optimized, fabricated, and characterized a PDMS based
microfluidic platform, having a micropillar based biomolecular pre-concentration chamber
allowing increased surface-to-volume ratio (SVR) for enhanced biomolecular filtering and
preconcentration. The surface of the pre-concentrator chamber is first functionalized with
the Avidin protein biomolecules. A biotinylated photo-cleavable (PC) linker conjugated
with a biomolecular specific antibodies (i.e., anti-PSA IgGs) is then immobilized on pre-
concentrator through the Avidin-Biotin binding. The biomolecules are then flowed through
the microfluidic device and are captured in the pre-concentration chamber. Once the cap-
turing and pre-concentration has been performed, the biomolecules are released on demand
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for recapturing, profiling, and label-free detection.
5.2 Design rationale for the microfluidic device
In the microfluidic chip, the biomolecules are chemically immobilized on the channel sur-
faces (walls) and the silicon substrate. The process of capturing is primarily based on
interaction between the biomolecules and the self assembled mono-layers developed in-
side the microfluidic chip. The microfluidic chip has a low Reynolds number, resulting in
a strictly laminar flow inside the chip. The laminar flow allows the biomolecular captur-
ing process to be affected primarily by the density of the molecular interaction (binding)
sites, molecular reaction rate, and the reaction time between the incoming molecule and
the binding sites.
Microfluidic affinity based pre-concentration and filtering devices are engineered for
transport and analysis of biomolecular samples (e.g., blood, plasma, serum, etc.) such that
the biomolecules (proteins, nano/micro particles, cells, viruses, DNA, etc.) are separated
owing to their binding to specific target sites. It has been observed that higher surface-to-
volume ratio (SVR) results in enhanced pre-concentration and better capturing efficiency
for these devices [167],[168]. Moreover, lesser volumes allows faster reaction dynamics,
sensitivities, less processing time, and above all very small size of precious biomolecular
samples [40],[169].
Clogging in microfluidic devices (especially in blood processing chips) is a key chal-
lenge that decreases their efficiency and lifetime. Clogging in microfluidic devices mainly
results from sieving of particles, bridging, and aggregation of biomolecules and particles
[170]. The sieving is observed when the biomolecular size (D) is larger or comparable
to the minimum width (W) of the device (i.e., W/D ≤ 1), for any biomolecular concen-
tration in the sample [171]. Bridging is observed for samples having higher biomolecular
concentration passing through a narrow microchannels [172],[173], whereas aggregation is
observed for dilute biomolecular solutions having fairly larger constrictions but requiring
65
wall-to-biomolecule and inter-biomolecular attractions [174].
To address these challenges, I propose a circular micropillar based microfluidic device
design such that the minimum constriction dimension (i.e., pillar spacing) is assumed as
dmin = 10µm (values below 10µm will result in clogging especially for blood processing
devices as the size of white blood cells (lymphocytes, neutrophils, etc.) ranges from 8 to
15µm). The micropillars are arranged in a hexagonal array pattern to achieve large interac-
tion area with the input sample to enhance the probability of biomolecular capturing. The
introduction of micropillars increases the availability of the binding sites per unit volume
of the chip, allowing enhanced reaction rates and more attachment of the biomolecules.
This increases the overall capture efficiency of the device.
I assumed a rectangular pre-concentration channel, having a length (L) of 0.01cm, a
width (W) of 500µm, and a height (h) of 50µm, allowing a interaction volume of 250nl.
To have an optimized hexagonal placement of micropillar in the pre-defined rectangular
chamber, I came up with the universal design conditions for a micropillar based pre-
concentration device design. These conditions can be employed to evaluate the design
parameters for any circular micropillar based design with given rectangular dimensions
and minimum unit cell spacing of the pre-concentration chamber.
Condition - 1: For all cases, the total circular area of the introduced circular mi-
cropillars should always be less than the total base area of the microfluidic channel i.e.,
Nπr2 ≤ WL
Condition - 2: The change in surface area inside the pre-concentration chamber af-
ter the introduction of micropillars should be greater than zero such that the overall SVR
always increase i.e., N(2πrh)− 2N(πr2) ≥ 0, resulting in h ≥ r
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Figure 5.1: Design layout of the affinity-based microfluidic pre-concentration device. The
inset shows the unit cell diagram of the arrangement of micropillars
where N is the total number of pillars, r is the radius of the micropillar, S is the spacing
between the adjacent micropillars, and dmin is the minimum spacing between the micropil-
lars in a unit cell.
The design based on the above mentioned conditions allows minimizing the total pre-
concentrator volume to optimize the pre-concentration factor, thus enabling enhanced biomolec-
ular capturing and enrichment efficiency. For a microfluidic device height of 50µm and
minimum unit cell spacing of 10µm, micropillars with a radius (r) of 10µm and spacing
(S) of 23µm results in the highest increase in the SVR ratio of the device and allowing a
250nl volume for the pre-concentration chamber.
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5.3 Computational Fluid Dynamic Modeling and Simulations
The sample pre-concentration and filtering is dependent on numerous reciprocating phe-
nomenons including the fluid dynamics, mass transport (convection and diffusion), and
molecular binding kinetics. I employed multi-physics model based approach, using the
finite element method (FEM) analysis capability of the COMSOL 5.1a environment to
design, simulate, and optimize the pre-concentrator microfluidic structure. A 2D multi-
physics computational model involving fluid dynamics for mass transport (convection and
diffusion) and binding reactions (antigen-antibody reactions in the capture chamber) has
been designed. The effects of the input analyte’s flow-rate(or velocity), concentration, and
microfluidic chip’s geometry (e.g., pillar radius, pillar pitch, and channel length) have been
investigated.
The mathematical model governing the immunoreactions taking place in a microfluidic
environment is determined by the simultaneous analysis of the Navier-Stokes equations,
the analyte convection-diffusion equations, and the surface interaction equations of the
analyte-ligand binding. The dimensions of the envisioned microfluidic device along with
the pressure driven flow mechanism (i.e., Harvard 2000 PHD flow pump) results in a lam-
inar and steady flow through out the device (Reynolds number 2100). Moreover, it has
been assumed that the fluid flow is Newtonian and incompressible. Therefore, in the pro-
posed/designed microfluidic channel, the flow is modeled with the help of the Continuity
and the Naiver-Stokes equations, and can be described using the equations 5.1 and 5.2,
respectively.
∆.u = 0 (5.1)
∂u
∂t






where u is the flow velocity field, P is pressure (Nm−2), ρ is the density (kgm−3), and
68
µ is the dynamic viscosity (Pa.s).
The spaito-temporal variations of the antigen inside the microfluidic channel are mod-
eled using the convection-diffusion equation as shown in the equation 5.3, whereas the
binding interactions between the antigen and the immobilized receptors (i.e., antibodies in
my case) in the microfluidic channel are described using the equations 5.4 and 5.5.
∂c
∂t
+ u.∇c = D∇2c (5.3)
c+Rt ⇀↽ B (5.4)
∂B
∂t
= kac(Rt −B)− kdB (5.5)
where c is the antigen concentration (mol.m−3), D is the diffusion coefficient (m2s−1),
Rt is the immobilized receptor’s surface density (mol.m−2),B is the bound antigen-receptor
(i.e., antibodies) complex (mol.m−2), ka is the association rate constant (M−1s−1), and kd
is the dissociation rate constant (s−1).
One of the key aspects of the simulation effort is to determine whether the reaction is
mass transport-limited or reaction rate-limited. The velocity of the antigen solution in the
microfluidic channel is one of the important parameters that determine whether the kinetics
of capture of the antigen is mass transport-limited or reaction rate-limited. The capture of
the antigen is mass transport-limited if the number of antigen molecules binding per unit of
time is sensitive to the flow velocity of the sample in the microfluidic channel, whereas the
capture of the analyte is reaction rate-limited if the number of antigen molecules binding
to the capture site per unit of time remains similar for different flow velocities. This is
followed by calculation of time to saturation of the pre-concentration device to estimate
the overall time required for the assay.
Figure 5.2 and 5.3 shows the variation of concentration of the analyte (i.e., ”PSA
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Concentration (ng/ml) variation with time for 1 μl/min flow
(a) T = 0.1 sec (b) T = 0.3 sec
(c) T = 3 sec (d) T = 30 sec
Figure 5.2: COMSOL simulation results for variation in concentration of PSA antigen
in the microfluidic chip with input flow of 1µl/min, capture chamber width of 500µm,
channel thickness of 50µm and input analyte concentration of 4ng/ml.
biomarker protein” used as an example for a biomolecular analyte) in the capture chamber
obtained from the reaction kinetics and mass transfer simulations. The input concentration
of the analyte C0 is assumed to be 4ng/ml (clinically relevant concentration). The asso-
ciation and disassociation rate constants are assumed to be ka = 2.7 ∗ 106M−1s−1 and
kd = 2.4 ∗ 10−3s−1, respectively. The determined affinity constant is K = kakd = 10
9M−1.
These constants are based on binding between the PSA and monoclonal antibody (mAb)
[39]. The initial surface concentration for the antibodies coated on the micropillars is as-
sumed to be CS0 = 10∗10−7mol/m2. The bulk diffusion coefficient of the analyte/antigen
is assumed to beD = 1∗10−11m2/s and the surface diffusion coefficient for the antibodies
is taken as DS = 1 ∗ 10−9m2/s [39].
It has been observed that for a constant antigen capturing area, the antigen exploitation
(capturing and interaction of antigens on the surface of microfluidic channel) increases
with the decrease in the input flow velocities as of the insufficient mass transport, which
results in increase in reaction time for capturing (fewer antigen molecules are available at
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Concentration (ng/ml) variation with time for 10 μl/min flow
(a) T = 0.1 sec (b) T = 0.3 sec
(c) T = 3 sec (d) T = 30 sec
Figure 5.3: COMSOL simulation results for variation in concentration of PSA antigen
in the microfluidic chip with input flow of 1µl/min, capture chamber width of 500µm,
channel thickness of 50µm and input analyte concentration of 4ng/ml.
the capture area per unit time i.e., mass transport-limited regime). In contrast, increased
flow rates results in decreased residency time of the antigens over the capture area, resulting
in less analyte exploitation and reduced reaction times (i.e., reaction rate-limited regime).
Therefore, it is recommended to use higher flow velocities to achieve faster assay time.
The simulation results, as shown in figures 5.2 and 5.3, have shown that approximately
70% of the capture chamber has been saturated in 30 seconds for 1µl/min of the flow rate
of antigens, while∼ 95% of the capture chamber is saturated for 10µl/min of flow rate for
the antigens.
Another challenge of optimization lies with the sample concentrations. The clinical
samples require quantification of concentrations of  10 pM. The generation of antigen
binding response from such small concentrations results in a constraint on minimum anti-
gen exploitation. The kinetics of mass transport and reaction transport affects the assay pro-
cess for lower concentration in a similar fashion. Therefore, it is recommended to increase




The high intensity regions in the insets (a)
and (c) showing higher flow rate resulting
in higher stress on the pillars and





chamber as shown in (b), having a uniform
laminar flow across the bulk of its region
Figure 5.4: The figure shows COMSOL flow simulation results for the designed microflu-
idic pre-concentrator device. The high intensity regions in the insets (a) and (c) showing
higher flow rate resulting in higher stress on the pillars and boundaries of the microfluidic
device. The micropillar based pre-concentration chamber shown in (b) reveals a uniform
laminar fluid flow across the bulk of its region.
Figure 5.4 shows the simulation results for the designed pre-concentrator microfluidic
chip consisting of a PDMS based capture chamber with micropillars of 10µm radius, ver-
tical height of 50µm, and center-to-center spacing of 43µm between adjacent pillars. The
width of the capture chamber is 500µm. It has been observed that almost uniform flow ve-
locity appears across the length of the microfluidic device. The micropillars immediately
adjacent to the inlet channel and the ones along the microfluidic device boundaries, face
the highest values of the fluid velocity. This corresponds to higher shear rates, and as a
consequence higher shear stress across these positions. It has also been observed that the
micropillars in the pre-concentrator chips with wider capture chambers (i.e., 1000µm and
2000µm), have experienced much smaller shear stress values for similar flow rates as com-
pared to the ones with capture chambers having smaller widths such as 500µm. Extremely
high shear rates result in decreased capture efficiency and denaturing of the biomolecules
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such as proteins [175]. Moreover, higher shear rates and pressures also result in leaking and
delamination of the microfluidic devices [176]. An optimal value of input flow rate is thus
desired to achieve a balance between the microfluidic pre-concentrator device’s capturing
efficiency and the throughputs (i.e., the assay time and the total input sample volume). To
evaluate performance of other affinity interaction such as Biotin-Avidin, IgG - anti-IgG
antibodies, similar approach can be employed with respective parameters.
It has also been observed that when the thickness of the capture chamber is doubled,
the amount of captured antigen is also doubled, for the same input flow velocity. Higher
flow-rates can be achieved using wider microfluidic chips (e.g., 1000µm and 2000µm),
but at an expense of having higher total pre-concentrator volume. In this research, we
have considered 1cm long capture chamber, with the width of widths of 500µm having
input flow velocities ranging between 1µl/min to 10µl/min. The simulations are only
performed for 1mm length because of the computational hardware constraints.
5.4 Experimental Methods
5.4.1 Materials
The silane reagents (3-aminopropyl) triethoxysilane (APTES) and (3-Mercaptopropyl)-
trimethoxysilane has been purchased from Sigma-Aldrich. Anhydrous 2-Propanol so-
lution (≥ 99% pure), Glutaraldehyde solution, Phosphate Buffer Saline (1X-PBS, pH
7.4), FITC-Avidin protein, N,N-Dimethylformamide (DMF), Ethanolamine, Sodium pe-
riodate, Sodium Acetate, Sodium Cyanoborohydride, and N,N-Dimethylformamide has
been purchased from Sigma-Aldrich, US. Avidin from egg white has been purchased from
Thermofisher scientific, US, while PC-biotin-PEG3-NHS-ester has been obtained from
Click Chemistry Tools, US. Mouse monoclonal anti-PSA IgG antibody (10C-CR2051M5)
and human lyophilized PSA (free-PSA (f-PSA) from human source) has been purchased
from Fitzgerald Industries. Unconjugated Sambucus Nigra Lectin (SNA), Unconjugated


























Figure 5.5: Schematic showing fabrication steps for the affinity-based microfluidic pre-
concentration device
chased from Vector Labs, while unconjugated MAA-MAL II lectin has been purchased
from BioWorld. ELISA Synblock blocking buffer has been purchased from BioRad. Sil-
icon wafers has been procured from WaferPro, US, while the Glass wafers has been pro-
cured from University Wafers, US. SU-8 2035 and SU-8 developer has been purchased
from MicroChem, US. Sylgard 184 (PDMS by Dow Corning Corporation) and the curing
agent has been purchased from Ellsworth Adhesives, US. The transparency masks has been
developed and purchased from CAD/Art Services, US. All other equipment and cleaning
solutions has been provided at the IEN cleanroom utility of the Georgia Institute of Tech-
nology, Atlanta, US.
5.4.2 Microfluidic chip fabrication
The PDMS microchips are fabricated using the soft lithography technique [35]. SU-8 2035
negative photoresist is spin coated over the silicon wafers to achieve a uniform thickness of
50µm. The spin coated wafer is then soft baked for 3 minutes at 65◦C, and cooled down.
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The pre-concentrator pattern is then defined by exposing the SU-8 in MA-6 mask aligner
setup with UV light (i-line, λ = 365nm), using transparency masks ). A post exposure bake
for 3 minutes at 65◦C and 5 minutes at 90◦C is performed. The wafer is then developed in
SU-8 developer (purchased from MicroChem, US) for 3 minutes, washed using IPA, dried
using nitrogen gas, and inspected using microscope and profilometer. Once the master mold
is made, it is silanized using (3-Mercaptopropyl)trimethoxysilane in a vacuum desiccator
for 12 hours.
Sylgard 184 base and the curing agent are thoroughly mixed in 10:1 ratio, respectively.
The mixture is then poured over the silanized master template in a plastic petri dish and
degassed using vacuum desiccator for 6 hours. Once degassed, the PDMS is placed in an
oven at 65◦C for 4 hours for curing. The cured PDMS mold is peeled off the master mold
using a razor blade and punch through holes are made for the fluid inlet. The PDMS mold
is then cleaned using IPA, dried using nitrogen gas, and placed in the UVCOS (UV-Ozone
cleaning system) system for 10 minutes along with the glass or silicon substrate. After
10 minutes, the PDMS is taken out and carefully placed on the substrate, slightly pressed,
and heated for 30 minutes on a hotplate at 65◦C to ensure bonding. Once the bonding is
complete, tubing, and connectors are attached to have inlet and outlet for the microfluidic
chip.
The microfluidic chips are tested for flow leakage and clogging after the bonding pro-
cess. Phosphate Buffer Saline (1X-PBS, purchased from Thermofisher Scientific, US) so-
lution (pH 7.4) has been flown at different flow rates ranging from 0.1µl/min to 30µl/min.
Perfect flows of PBS without any leakage and clogging has been observed in the microflu-
idic chip.
Two different designs for microfluidic chips are fabricated. The designs consists of a
simple 50µm deep rectangular pre-concentration chamber with width and length of 500µm
and 1cm, respectively. The first design is a simple rectangular channel (no micropillars),
while the second design consists of a hexagonal array of 20µm diameter micropillars, hav-
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ing a minimum spacing of 10µm among them. Figure 5.5 shows the steps involved the
fabrication and testing of the microfluidic chip.
5.4.3 Silanization protocol
The microfluidic chip is initially purged with the 1X-PBS solution (pH 7.4) to remove the
trapped air bubbles. Once the air is removed, oxidizing solution containing hydrogen per-
oxide (H2O2), hydrochloric acid (HCl), and water (H2O) (1:1:5) is flowed for 15 minutes
at 10µl/min (10µl/min flow is used throughout the experiments unless stated otherwise).
The microfluidic chip is then rinsed with 1X-PBS solution, followed by the flow of silaniza-
tion solution (5% APTES in 2-Propanol(v/v)) for 15 minutes, and a 2-Propanol rinse. The
microfluidic chip is then baked at 80◦C for 30 minutes in an oven and rinsed with 1X-PBS
solution for 5 minutes.
5.4.4 Glutaraldehyde functionalization and Avidin immobilization
A 2.5% glutaraldehyde solution in 1X-PBS (v/v) is flowed through the APTES modified
microfluidic chip for 15 minutes, followed by 30 minutes of incubation at room temper-
ature. The microfluidic chip is then rinsed with 1X-PBS solution for 5 minutes. Avidin
solution is flowed through the microfluidic chip for 30 minutes, followed by incubation at
room temperature for 30 minutes to have a uniform Avidin adsorption over the walls and
micropillars in the pre-concentration chamber. The microfluidic chip is then rinsed using
1X-PBS solution to remove the unattached Avidin.
5.4.5 Quantification of capture efficiency
Avidin is a tetrameric biotin-binding protein with an estimate size of 66-69 kDa. I used
FITC-tagged Avidin to quantify the attachment of Avidin to the glutaraldehyde modified
surface and estimate the biomolecular capture efficiency of the fabricated microfluidic de-
vices. A stock solution of 100µg/ml of FITC Avidin in 1X-PBS has been prepared and
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Figure 5.6: Schematic showing surface functionalization for quantification of Avidin cap-
ture efficiency
ten different solutions of FITC Avidin (with 10 fold dilutions) are flowed through the mi-
crofluidic chips for 30 minutes. The microfluidic chip is incubated at room temperature
for 30 minutes to have a uniform Avidin adsorption over the walls and micropillars in
the pre-concentration chamber. The microfluidic chip is then rinsed using 1X-PBS solu-
tion to removed the unreacted FITC-tagged Avidin. The fluorescence intensity of the mi-
crofluidic devices is then measured to monitor the capture efficiency of the affinity based
pre-concentration devices. The figure 5.6 shows a pictorial representation of surface func-
tionalization for quantification of Avidin capture efficiency.
5.4.6 Results and Discussions
The figure 5.7 shows the actual results obtained for FITC-Avidin capture efficiency quan-
tification using simple and micropillar based microfluidic pre-concentration devices. Five
different concentrations of FITC-Avidin has been used (i.e., 0.01, 0.1, 1, 10 and 100 ng/ml)






Figure 5.7: Actual results showing enhancement of Avidin capture with and without mi-
cropillars for a 500µm wide microfluidic channel. A plot showing variation of fluores-
cence intensity (a.u) against FITC Avidin concentration (ng/ml) (a) Fluorescence image
for FITC-Avidin (0.1ng/ml) capturing in a micropillar based pre-concentration device (b)
Fluorescence image for FITC-Avidin (0.1ng/ml) capturing in straight microfluidic channel
based device.
to the microfluidic devices using ”Zeiss Axio-Observer Z1” fluorescent microscope. An
intensity enhancement of ∼ 2 times has been observed showing enhanced affinity based
biomolecular capturing with the introduction of micropillars in the simple channel based
microfluidic devices.
5.5 Affinity-based analyte pre-concentration and detection
My scheme for biomolecular (protein biomarker) filtering and pre-concentration is based
on an affinity-based approach, for which I have developed an affinity-based multi-step sur-
face functionalization protocol to optimize the surface coverage and capturing efficiency
of the biomolecules. The surface of the pre-concentrator chip is first functionalized with
the Avidin molecules (as explained earlier). Antibodies-enhanced affinity probes are then
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employed to selectively capture the desired biomolecules from the sample. Specifically tai-
lored antibodies has been extensively used in the literature for highly selective and specific
affinity-based capturing of the biomolecules in a high background noise environment [177],
[178]. I have employed one such biomolecule specific antibody i.e, anti-PSA IgG antibody
and tailored it accordingly, such that it not only acts as my affinity-based biomolecular cap-
turing probe but also provides me with an ability to release the captured biomolecules on
demand.
To alleviate the challenges associated with the traditional affinity-based protein purifi-
cation techniques such as sample degradation, introduction of contaminants (due to the
release of non-specifically bound proteins), and elution of endogenous proteins (along with
the desired protein) [23] (as elaborated earlier in chapter 2), I used a photo-cleavable (PC)
biotin-PEG3-NHS-ester linker for tailoring and immobilizing my antibody affinity probes
for the capture of the target biomolecules on the Avidin coated pre-concentrator chip. The
biotinylated PC-linker is conjugated with the desired antibodies, purified to removed the
excess biotinylated PC-linker molecules, and finally immobilized on the pre-concentrator
chip’ surface through the Biotin-Avidin binding. After applying the PC-linker based sur-
face chemistry, the target antigens are captured by the affinity-based immobilized antibod-
ies. The captured antigens can then be released on demand through an efficient photo-
cleavage mechanism using UV light exposure at 300 - 380 nm wavelength [179]. Figure
5.8 shows a pictorial representation and working of the PC-biotin-PEG3-NHS ester.
5.5.1 Immuno-affinity assay for enhanced biomolecular pre-concentration and detection
Enzyme-linked immunosorbent assay (ELISA) has been extensively used for the detection
and quantification of the biomolecules and antigens such as proteins, peptitdes, hormones,
viruses, etc. [180],[181]. In additions to these, ELISA has also been employed for glyso-
sylation analysis of proteins [182],[183]. A modified version of ELISA employing lectins




Figure 5.8: (a) Schematic of NHS-PC-LC(or PEG3)-biotin linker molecule (b) Behavior
of NHS-PC-LC-biotin affinity probe. Attachment to Avidin surface and IgG antibodies
conjugation with the amine reactive part (c) Post UV exposure behavior of the NHS-PC-
LC-biotin affinity probe.
oped [184],[185]. Since, most of the FDA approved cancer biomarkers are glycosylated,
the use of ELLA based technique for cancer biomarker detection can be extremely efficient
but compared to the ELISA technique, ELLA has not been widely exploited by the re-
searchers. It is perhaps owing to the complexity of interactions associated with lectins and
glycans (carbohydrates) and the intricate nature of the glycosylated proteins [164],[184].
One of the key challenges associated with ELLA is that the lectins measure the presence
of corresponding glycans on all the available substances in the sample, including the pro-
teins of interest. Moreover, the antibodies employed the ELLA, especially the polyclonal
antibodies are heavily glycosylated [164],[186]. This results in high background noise
and spurious readings, undermining the benefits reaped by the pre-concentration of the de-
sired glycan proteins (i.e., cancer biomarkers) for enhanced biomolecular detection [184].
I have designed and modified an immuno-affinity based assay approach for biomolecular
pre-concentration and detection. The key component to my approach is the use of the PC-
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biotin-PEG3-NHS linker and its conjugation with the desired antibodies for biomolecular
capturing, detection, and release. The PC-biotin-PEG3-NHS-ester linker has a unique PC
moiety (1-2 (nitrophenyl)-ethyl) attached to the biotin part through the PEG3 spacer arm,
separating the biotin from the NHS portion. The NHS-ester portion reacts specifically with
primary amine groups of the specific probe molecules (i.e., anti-PSA IgG antibody) to form
a carbamate linkage [187]. The biotin portion binds to the Avidin modified surface (i.e.,
silicon or glass substrate) and the PDMS (walls and micropillars)). I modified the existing
ELLA procedure to extract advantages of both the affinity-based pre-concentration and the
highly specific glycoprofiling capability provided by the ELLA. I specifically oxidized the
carbohydrates moieties present on the capture antibodies before conjugating them with the
PC-biotin linker. This selective deglycosylation of the capture antibodies drastically re-
duces the non-specific attachment of the lectins, allowing me to exploit the benefits of the
affinity-based pre-concentration and lectin enhanced glycoprofiling of the biomolecules.
Here, I present my protocol for the conjugation of PC-linker with the antibodies, surface
functionalization of the pre-concentration chamber with the conjugated complex, and cap-
turing and release of the desired biomolecules.
Deglycosylation and oxidation of the antibodies
Mouse monoclonal anti-PSA IgG antibody (10C-CR2051M5) has been obtained from Fitzger-
ald, US. Sodium azide is first removed from the obtained antibodies with the help of a
micro-centrifuge device ((Amicon 0.5ml Ultra, 100kDa MW cutoff, 1000g), followed by
reconstitution of the antibodies in the 100 mM of sodium acetate solution (pH 5.5) at a
final concentration of 2mg/ml. The antibodies are then oxidized using sodium periodate
to remove the associated carbohydrate moieties. 20 mM sodium periodate solution is pre-
pared using 100mM of sodium acetate buffer and 1ml of the solution is added to 1ml of the
reconstituted antibodies. The solution is placed in dark for 2 hours at 4◦C for the oxidation
reaction to take place. The oxidized antibodies solution is then desalted using the micro-
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centrifuge devices and reconstituted in 1X-PBS solution (pH 7.4) to a final concentration
of 5mg/ml.
Antibodies and PC-linker conjugation protocol
The PC-biotin-PEG3-NHS-ester and the oxidized anti-PSA IgG antibody are conjugated
together to develop the affinity probe for the PSA biomolecular enrichment and filtration.
1mg of PC-biotin-PEG3-NHS-ester is dissolved in 119µl of DMF just before use. 26.6µl
of the solution is then added to the oxidized antibodies solution (having a volume of 1ml),
followed by incubation on ice for 2 to 3 hours. After the incubation, the excess PC-biotin-
PEG3-NHS ester is removed using the 0.5 ml micro-concentrator vials (Amicon 0.5ml
Ultra) using a micro-centrifuge device (1000g, 100kDa MW cutoff, 30 minutes), followed
by reconstitution of the solution using 1X-PBS solution (pH 7.4) to a final volume of 1ml.
10µl of 5M sodium cynaoborohydride solution is then added to 1ml of the biotinylated
oxidized antibodies solution to stabilize the Schiff base formed between the amines and the
aldehydes moieties. The reaction is allowed to take place for 30 minutes. Once completed,
50µl of 1M ethanolamine (ETA or MEA) solution has been added to the 1ml solution
to block the unreacted aldehyde sites. The reaction is again allowed to take place for
30 minutes, followed by desalting using the micro-centrifuge, and reconstitution of the
solution in 1X-PBS (pH 7.4).
Surface functionalization of the pre-concentrator chip with the PC-affinity probes
The oxidized biotinylated-PC anti-PSA IgG antibody solution is diluted to 100µg/ml and
then flowed in the microfluidic chip for 10 minutes. The chip is then incubated at room
temperature for 30 minutes. The process is repeated three times to have a uniform adsorp-
tion of the antibodies across the PDMS based pre-concentration chamber. The unabsorbed
antibodies are then removed using 1X-PBS rinse. Synblock blocking solution of is then
flowed for 10 minutes and the chip is incubated for 30 minutes at room temperature to
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prevent any non-specific adsorption.
Capturing and release of PSA cancer biomarker
The capturing and pre-concentration performance of the functionalized pre-concentration
microfluidic chip is evaluated using the human lyophilized PSA (from human source, pur-
chased from Fitzgerald, US). Five different concentrations of the PSA with 10-fold dilu-
tions (i.e., 0.01, 0.1, 1, 10, and 100 ng/ml), in PBS buffer solution are flowed through
the corresponding microfluidic pre-concentration devices for 10 minutes, followed by 30
minutes of incubation. The unattached PSA has been rinsed using 1X-PBS solution. A
solution containing 100µg/ml of FITC-tagged MAA-II lectin and Cy5-tagged SNA lectin
in 1X-PBS (pH 7.4) has been used to quantify the capturing and pre-concentration of PSA.
The lectin solution is then flowed in the microfluidic capture chamber for 10 minutes. The
chip is then incubated at room temperature for 30 minutes (in dark environment wrapped in
aluminum foil). The chip is rinsed with 1X-PBS for 5 minutes and imaged for fluorescence
measurements. Once fluorescence is observed, the chip is placed under a UV lamp (MJB4
Mask Aligner Lamp, 10mW/cm2 intensity, distance of 5cm) for 10 minutes. After the
exposure, the chip is rinsed using 1X-PBS solution for 30 minutes (flow rate of 5µl/min)
and the fluorescence intensity is recorded.
Results and discussion
The change in carbohydrate structure of the PSA biomarker plays an important role in the
glycoprofiling of PSA for PCa detection. One of the most prominent aberrations in the
carbohydrate structure of the PSA is the sialylation in linkage of sialic acid from α-(2,6)
linkage to α-(2,3) linkage during the PCa progression. This aberration in the glycoprotein
structure of the PSA can predict the presence of a pathological process and in some cases
the stage of the process as well [188]. It has been observed that the PCa patients have a





No pillars = 0.07 ng/ml
Pillars = 0.02 ng/nl
R2(no pillars) = 0.996
R2(pillars) = 0.990
Baseline Intensity = 6 (a.u)
Figure 5.9: Actual results showing PSA capture with and without micropillars for a 500µm
wide microfluidic channel. The four point fitted curves showing variation of fluorescence
intensity for multiplexed PSA sensing using Cy5-tagged SNA lectin and FITC-tagged
MAA-II lectin for different concentrations (ng/ml) of PSA
[188],[189]. It has also been observed that the PCa patients have a significantly lower
presence of the -(2,6)-linked sialic acid in the serum fPSA, when compared to the BHP
patients [188],[189].
The binding of PSA with different lectins has been reported in [190]. Among the em-
ployed lectins, the SNA lectin provides one of the highest affinity to the PSA and revealed
preferential binding to the terminal α-(2,6)-linked sialic acid of the PSA [188],[189]. It has
been reported in the literature that PSA from the PCa patients revealed significant binding
to the MAA-II lectin when compared to the PSA from the BHP patients [188],[189]. It has
also been observed that both the α-(2,3)-linked, and α-(2,6)-linked sialic acid are expected
in all the PSA samples. However, the ratio of α-(2,3)-linked to α-(2,6)-linked sialic acid is
enhanced for the PCa patients.
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Figure 5.10: Actual results showing PSA release with time from microfluidic devices. (a)
Fluorescence intensity variation with time for rectangular microfluidic devices. (b) Flu-
orescence intensity variation with time for micropillar based microfluidic devices. The
curves are fitted to the measured results using exponential fitting function. The curve fit-
ting processing has been performed using in-house developed MATLAB code.
The commercially available non-malignant f-PSA is reported to have high concentra-
tion of α-(2,6)-linked sialic acid, while only trace amounts of α-(2,3)-linked sialic acid is
present [188],[189]. This allows the MAA-II lectin to be employed as a negative control
for commercial fPSA obtained from healthy subjects (as no interaction is expected), while
at the same time can be employed for the detection of PSA from PCa patients.
I have employed both the SNA (Cy5-tagged) and MAA-II (FITC-tagged) lectins to
demonstrate an on-chip multiplexed PSA glycoprofiling. Commercial fPSA (obtained
from healthy subjects) has been used for the experiments. The fluorescence intensity has
been measured to estimate the binding of the lectins to the PSA. The figure 5.9 shows
the obtained fluorescence intensity results for the on-chip multiplexed PSA glycoprofil-
ing in the simple PDMS microfluidic channels and PDMS micro-pillar based affinity pre-
concentrator devices. The fluorescence intensity measurements for the Cy5-tagged SNA
lectin has shown considerable increase with the increase in PSA concentration, showing
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binding of the SNA lectin to the PSA. However, extremely weak fluorescence signals has
been observed for the FITC-tagged MAA-II lectin showing negligible binding of the MAA-
II lectin to the PSA. These results are in agreement with the works in the literature as
mentioned earlier [188],[191].
The calibration curve has been constructed by plotting the obtained fluorescence data
with respect to the PSA concentration and fitting the points to a four parameter curve (or
Hill’s dose-response curve given as y = y0 + (ymax − y0)cn/(cn +Knd ) where c is the
concentration of the antigen, Kd is the dissociation constant of the dose response). The
four parameter curve is given as
Y = B + (A−B)/(1 + (x/C)D) (5.6)
where A is the maximum fluorescence intensity obtained for the maximum PSA con-
centration, B is the minimum fluorescence intensity obtained to the minimum PSA con-
centration, C is the concentration producing 50% of the fluorescence intensity, and D is
the slope at the inflection point of the sigmoidal curve.
The LOD for each of the devices i.e., simple microfluidic channels and micro-pillar
based pre-concentration devices has been calculated to be the concentration when the av-
erage fluorescence response from the blank experiment (no PSA flowed in the device) plus
3 times the standard deviation from that blank measurement. The figure 5.9 shows the ob-
tained fluorescence reading for the experiment. The four point curve fitted data obtained
shows increased fluorescence for the micropillar based microfluidic devices compared to
the simple microfluidic channels, showing enhanced PSA preconcentration capability of
the micropillar based devices. The linear working range is ∼ 0.1ng/ml to ∼ 50ng/ml
for both of the devices, with both allowing LOD of ∼ 10pg/ml. This lies well within the
clinical concentration regime for the PSA detection i.e., 1ng/ml to 10ng/ml. I defined the
“Limit of Quantification” (LOQ) as ten times the intensity of the blank signal, to have re-
liable information for multiplexed detection of PSA with the designed devices. It has been
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observed that the incorporation of micropillars have decreased the LOQ to 0.02ng/ml from
0.07ng/ml, resulting in ∼ 3.5 times enhancement in the minimum quantifiable range for
PSA detection. The working range of both of the devices is atleast 10 orders of magnitude
higher compared the commercially available ELISA kit for the PSA (i.e., 0.01ng/ml to
12ng/ml for fPSA ELISA kit [192]). It should be noted that the commercially available
kits have propriety paired antibodies, detection tags, and materials which are specifically
modified for the given test.
Figure 5.10 shows the release of captured PSA from the microfluidic devices. The flu-
orescence intensity variation with time has been shown in 5.10(a) and 5.10(b). It has been
observed that ∼ 10 minutes are required to release the PSA sample from the simple rect-
angular microfluidic devices, while ∼ 20 minutes are required to release the PSA sample
from the pillar based devices.
5.6 Conclusion
I have demonstrated biomolecular (i.e., proteins and biomarkers) filtering and pre-concentration
based on an affinity-based separation approach. The target biomolecules are captured and
pre-concentrated on the PDMS-based micropillars. The micropillar’s surface is specifically
functionalized with the specific affinity epitopes corresponding to the biomolecules for en-
hanced affinity-based capturing. The pre-concentrated biomolecules are then released on
demand and can be recaptured on a sensing transducer (e.g., optical sensor arrays), allow-
ing a complete label-free sensing and profiling (secondary epitopes such as glycoforms) of
the biomolecules.
I demonstrated a multi-step surface functionalization protocol to optimize on-the-flow
surface functionalization and capturing efficiency of the biomolecules in a PDMS-based
microfluidic platform. I designed, optimized, fabricated, and characterized a PDMS-based
microfluidic platform, having a micropillar based biomolecular pre-concentration chamber
allowing increased surface-to-volume ratio (SVR) for enhanced biomolecular filtering and
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preconcentration. The surface of the pre-concentrator chamber is functionalized with the
Avidin protein, followed by the use of a biotinylated photo-cleavable (PC) linker conju-
gated with the biomolecular specific antibodies (i.e., anti-PSA IgGs). The use of PC-biotin
linker is the key towards solving the challenges such as sample degradation, introduction
of contaminants (due to the release of non-specifically bound proteins), and elution of
endogenous proteins (along with the desired protein) [23], faced while releasing the pre-
concentration samples from microfluidic devices.
I effectively demonstrated the capture and release of IgG proteins (from Rabbit serum)
and PSA cancer biomarkers (fPSA, human serum) using the PC-biotin linker with clini-
cally relevant sample concentrations and volumes. I also demonstrated the capability of
multiplexed glycoprofiling for elucidating the PTMs of the PSA cancer biomarker using
the SNA and MAA-II lectins. A dynamic working range of ∼ 10 orders of magnitude
higher compared the commercially available ELISA kit for PSA detection (i.e., 0.01ng/ml
to 12ng/ml for fPSA ELISA kit [192]), has been achieved using the designed PDMS-
based micropillar pre-concentration platform. Overall, a minimum LOD of ∼ 10pg/ml
and a LOQ of ∼ 20pg/ml has been been achieved for on-chip multiplexed PSA pre-
concentration, detection, and glycoprofiling.
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CHAPTER 6
CARBON NANOTUBES AS NANOPOROUS ELEMENTS FOR MIRCOFLUIDIC
PRE-CONCENTRATION AND FILTERING
6.1 Introduction
In this chapter, I present the use of carbon nanotubes (CNTs) as high porosity material for
enhanced on-chip biomolecular pre-concentration applications. I fabricated and utilized
vertically aligned (VA-MWCNTs) forests and micropillar structures over a silicon sub-
strate to increase the effective surface area of a microfluidic pre-concentrator device. These
MWCNTs are taken as an alternate to the PDMS micropillars based pre-concentration plat-
form, can be vertically grown with high porosity, and high aspect ratio [193], resulting in
much larger surface areas for target analyte capturing, pre-concentration, and filtering.
The MWCNT forests and micropillars has been grown over a silicon substrate, aligned,
and bonded with the PDMS based microfluidic channels to develop the biomolecular pre-
concentrator and filtering devices. The envisioned and designed MWCNT-based biomolec-
ular pre-concentrator platform provides enhanced capture area and smaller effective volume
in the biomolecular capture chambers of the PDMS-based microfluidic devices, allowing
enhanced biomolecular capturing and pre-concentration. The capturing efficiency and per-
formance of these designed MWCNT forests and micropillar-based pre-concentration plat-
forms has been assessed by employing the surface chemistry protocols and fluorescence
microscopy techniques as elaborated in the earlier chapters.
6.2 Fabrication of Carbon Nanotube Forests and Micropillars
Plain silicon wafers has been used as the carrier substrate for the growth of MWCNTs. The
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Figure 6.1: The figure shows SEM images of the vertically grown MWCNTs structures
(forests) (a) Cross-sectional image of the grown MWCNTs with a growth time of 300
seconds having a measured height of ∼ 30µm (b) Cross-sectional image of the grown
MWCNTs with growth time of 180 seconds having a measured height of ∼ 18µm (c) Ver-
tically grown dense MWCNT structures (MWCNT forests) (d) High magnification image
of MWCNTs showing highly dense growth MWCNTs with estimated individual MWCNT
width of ∼ 8 to 12nm. 1.1nm of Fe catalyst has been used for the growth of these forests.
wafers are dried using nitrogen gas and are baked in an oven for 30 minutes at 100◦C
to remove any moisture content. A 200nm layer of silicon oxide SiO2 is deposited over
the clean and dried silicon sample, followed by evaporation of 10nm of Aluminum oxide
(Al2O3) and 1.1nm of Iron (Fe), using the e-beam evaporator tool (Denton e-beam evapo-
rator). The SiO2 layer acts as an insulation layer and also allows adhesion of the Al2O3 to
silicon sample surface. The Fe acts as a catalyst by forming nanoparticle enhanced nano-
islands at high temperatures over the porous Al2O3, for the growth of vertically aligned
MWCNTs [142].
The MWCNTs have been grown using the root growth mechanism, employing the low






Figure 6.2: The figure shows SEM images of the vertically grown MWCNTs structures
(forests) (a) Cross-sectional image of the grown MWCNTs with the Fe catalyst layer of
2nm and a growth time of 300 seconds having a measured height of ∼ 50µm (b) Cross-
sectional image of the grown MWCNTs with the Fe catalyst layer of 3nm and growth
time of 300 seconds having a measured height of ∼ 75µm (c) Vertically grown MWCNT
micropillar with a height of ∼ 50µm and a radius of 125µm (Fe catalyst layer of 2nm),
and (d) Vertically grown MWCNT micropillar with a height of ∼ 75µm and a radius of
100µm (Fe catalyst layer of 3nm). *Note: 3 minutes of oxygen plasma cleaning at 80W
has been performed for each of the devices, followed by cleaving the sample, and nitrogen
blowing to remove any dangling MWCNTs.
[147]. Acetylene (C2H2) gas has been used as a precursor, in the presence of nitrogen (N2)
and hydrogen (H2) gas. The N2 and H2 gases are maintained in the chamber at a flow
rate of 1000sccm and 100sccm, respectively, while the temperature of the reactor has been
gradually increased. The C2H2 gas is allowed to flow in the reactor, when the reactor
temperature and pressure reaches 820◦C and 720mbar, respectively, having a flow rate
of 160sccm. This mixture of gases is then maintained for the MWCNT growth duration.
Finally, the C2H2 and H2 gases are discontinued, while the N2 gas is flowed for further 5






Figure 6.3: The figure shows SEM images of MWCNT grown micropillar shaped forests.
(a) Top view of the grown MWCNT micropillar regions on a silicon substrate, (b) Pillar
growth on a optical lithography defined region on a silicon substrate (growth time = 30 sec)
(c) High magnification image of the porosity of the top surface of the MWCNTs, and (d)
Vertically grown MWCNT micropillar with a height of ∼ 18µm and a radius of 25µm.
1.1nm of Fe catalyst has been used for the growth of MWCNTs
is then removed from the chamber and inspected using the SEM for the MWCNT growth.
Vertically aligned MWCNT forests and micropillars have been fabricated using the
optical lithography based lift-off process. A thin layer of photoresist (Shipley 1805) has
been spin coated over the SiO2 deposited (200nm thick oxide) silicon sample. The spin
coated sample is soft baked for 5 minutes at 115◦C, and cooled down. The forest (or
micropillar) pattern is defined by exposing the photoresist in the MA-6 mask aligner setup
using the UV light (g-line, λ = 405nm), employing a transparency mask (or MLA 150
Maskless Aligner System). The exposed wafer is developed in the MF-319 photoresist
developer for 4 minutes and inspected under the microscope for feature realization. The
sample is then placed in the Denton e-beam evaporator tool and a 15nm thick layer of
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Al2O3 has been evaporated, followed by 1.1nm thick layer of Fe. Followed by the e-
beam deposition process, the sample is immersed in the Acetone solution for 5 minutes to
remove the photoresist, leaving only the catalyst layer over the released features defined
for the MWCNT forest (or micropillar) growth. The sample is dried using nitrogen gas,
cleaned using oxygen plasma for 1 minute, and then placed in the Axitron Black Magic
tool for the growth of MWCNT pillars. The MWCNT growth has been performed using
the root growth mechanism, (as explained earlier), followed by inspection using optical
microscope and SEM.
6.2.1 Tailoring the MWCNT forests and micropillar growth
Table 6.1 shows the variation of MWCNT growth with the amount of Fe catalyst used.
Figure 6.1(a) and (b) shows the grown MWCNTs forests with 1.1nm of Fe catalyst and
a growth time of 300 seconds and 180 seconds having a measured height of ∼ 30µm and
∼ 18µm, respectively. Figure 6.2(a) shows the the grown MWCNTs forests with 2nm of
Fe catalyst growth time of 300 seconds having a measured height of∼ 50µm, while figure
6.2(b) shows the grown MWCNTs forests with 3nm of Fe catalyst and 300 seconds of
growth time, having a height of ∼ 75µm. Similar results has been seen for the micropillar
growth as shown in figures 6.2(c), 6.2(d), and 6.3(d).
It has been observed that for similar growth time and conditions, the increase in the
deposited amount of Fe catalyst results in increased growth of the MWCNTs. It has also
been observed that 300 seconds is the maximum time that allows growth of the MWCNTs,
for these amounts of catalysts under these conditions. Increasing time more than 300 sec-
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onds results in no further growth in the MWCNTs. I have used times upto 400 seconds for
each of the Fe catalyst thickness mentioned in the table, with no further growth increase
after 300 seconds has been observed. This allows control over the growth and height of
the MWCNT forests and micropillars, which can be tailored according to the biomolecu-
lar pre-concentration device’s requirements. Moreover, it can be observed from the SEM
analysis that the CNTs grown are multi-walled (concentric walls) with an average height
of ∼ 30µm, average diameter of ∼ 8nm − 12nm, and an average intra-CNT spacing of
∼ 80− 100nm, leading to a volume fraction of less than 1%− 2% CNTs. This resulted in
an increased surface are for biomolecular capturing applications
6.3 Experimental Methods
6.3.1 Materials
The silane reagents (3-aminopropyl) triethoxysilane (APTES) and (3-Mercaptopropyl)-
trimethoxysilane has been purchased from Sigma-Aldrich. Anhydrous 2-Propanol so-
lution (≥ 99% pure), Glutaraldehyde solution, Phosphate Buffer Saline (1X-PBS, pH
7.4), FITC-Avidin protein, N,N-Dimethylformamide (DMF), Ethanolamine, Sodium pe-
riodate, Sodium Acetate, Sodium Cyanoborohydride, and N,N-Dimethylformamide has
been purchased from Sigma-Aldrich, US. Avidin from egg white has been purchased from
Thermofisher scientific, US, while PC-biotin-PEG3-NHS-ester has been obtained from
Click Chemistry Tools, US. Mouse monoclonal anti-PSA IgG antibody (10C-CR2051M5)
and human lyophilized PSA (free-PSA (f-PSA) from human source) has been purchased
from Fitzgerald Industries. Unconjugated Sambucus Nigra Lectin (SNA), Unconjugated
Maackia Amurensis Lectin (MAA-MAL II) and Cy5-tagged SNA lectin has been pur-
chased from Vector Labs, while unconjugated MAA-MAL II lectin has been purchased
from BioWorld. ELISA Synblock blocking buffer has been purchased from BioRad. Sil-
icon wafers has been procured from WaferPro, US, while the Glass wafers has been pro-
cured from University Wafers, US. SU-8 2035 and SU-8 developer has been purchased
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from MicroChem, US. Sylgard 184 (PDMS by Dow Corning Corporation) and the curing
agent has been purchased from Ellsworth Adhesives, US. The transparency masks has been
developed and purchased from CAD/Art Services, US. All other equipment and cleaning
solutions has been provided at the IEN cleanroom utility of the Georgia Institute of Tech-
nology, Atlanta, US.
6.3.2 MWCNT sample preparation
The 4 inch silicon and glass wafers have been diced into 7cm by 3cm sample using the
ADT 7100 Dicing Saw. The diced silicon samples are copiously cleaned using acetone,
methanol, and DI-water. The diced samples are then used for the growth of MWCNT
forests and micropillars employing the optical lithography, e-beam deposition, and root
growth fabrication mechanism as explained earlier.
6.3.3 MWCNT oxidation protocol
Protocol(1)
The plain silicon diced samples are dried using nitrogen gas, followed by Piranha (4:1 of
H2SO4:H2O2) cleaning at 80◦C for 30 minutes. The cleaned samples are again dried using
the nitrogen gas and placed in the UV-Ozone Cleaning System (UVOCS) for 15 minutes.
The UVOCS cleaning mechanism controls the hydrophilicity of the samples by generating
the hydroxyl (-OH) bonds at the surface. The samples are then rinsed with DI-water, dried
using nitrogen gas, and placed over the hotplate at 110◦C for 5 minutes to completely
remove any moisture content. The dehydrate baking step extremely important as the silane




The MWCNTs grown samples are dried using nitrogen gas, followed by immersion in an
oxidizing solution of 1:1:5 ofHCl : H2O2 : H2O at room temperature for 60 minutes. The
immersion in oxidizing solution results in generation of carboxylic (-COOH), carbonyl (-
C=O), and hydroxyl (-OH) groups [194],[195]. Moreover, the presence of HCl results in
removal of the remaining catalyst metal from the MWCNT surface [196]. It should be
noted that the using of hydrogen peroxide (as a mild oxidizing reagent) results in mini-
mal structural damage, no incorporation of foreign metals on the carbon surface, and can
be used under neutral conditions, unlike the other CNT oxidizing techniques [196]. The
cleaned samples are again dried using the nitrogen gas and placed in the UV-Ozone Clean-
ing System (UVOCS) for 15 minutes.
Protocol(3)
The MWCNTs grown samples are dried using nitrogen gas, followed by immersion in an
oxidizing solution of 3:1 of HNO3 : H2SO4 cleaning at room temperature for 30 min-
utes. The immersion in oxidizing solution results in generation of carboxylic (-COOH),
carbonyl (-C=O), and hydroxyl (-OH) groups [194],[195]. It should be noted that extended
treatment of MWCNTs using this protocol results in structural damage of the CNTs [195].
This protocol has been extensively utilized in the literature to oxidize the MWCNTs, espe-
cially for biomolecular attachments and sensing applications [55],[54],[197]. The oxidized
samples are rinsed using DI-water, dried using the nitrogen gas and placed in the UV-Ozone
Cleaning System (UVOCS) for 15 minutes before further utilization.
6.3.4 Microfluidic chip fabrication
The PDMS microchips are fabricated using the soft lithography technique as explained in
the earlier chapters. The microchip design consists of a simple 50µm deep rectangular
pre-concentration chamber with width and length of 500µm and 1cm, respectively. The
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(a) Piranha cleaned silicon
substrate
(b) 200nm silicon oxide
deposition using e-beam
evaporation
(c) Shipley 1813 PR coating,
pattering, and developing
(d) 10nm of Al2O3 and 1.1nm of
Fe deposition using e-beam
evaporation and PR lift-off
using acetone
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Figure 6.4: Schematic showing fabrication steps for the MWCNTs-based microfluidic pre-
concentration device
microchip is aligned and bonded to the MWCNT forests (30µm high, 500µm wide, and
1cm long) and micropillars (20µm diameter, with 10µm spacing) fabricated on a silicon
substrate.
6.3.5 Silanization protocol
The microfluidic chip is initially purged with the 1X-PBS solution (pH 7.4) to remove the
trapped air bubbles. Once the air is removed, oxidizing solution containing hydrogen per-
oxide (H2O2), hydrochloric acid (HCl), and water (H2O) (1:1:5) is flowed for 30 minutes
at 10µl/min (10µl/min flow is used throughout the experiments unless stated otherwise).
The microfluidic chip is then rinsed with 1X-PBS solution, followed by the flow of silaniza-
tion solution (5% APTES in 2-Propanol(v/v)) for 15 minutes, and a 2-Propanol rinse. The
microfluidic chip is then baked at 80◦C for 30 minutes in an oven and rinsed with 1X-PBS
solution for 5 minutes.
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6.3.6 Glutaraldehyde functionalization and Avidin immobilization
A 2.5% glutaraldehyde solution in 1X-PBS (v/v) is flowed through the APTES modified
microfluidic chip for 15 minutes, followed by 30 minutes of incubation at room tempera-
ture. The microfluidic chip is then rinsed with 1X-PBS solution for 5 minutes.
6.3.7 Avidin protein immobilization
Protocol(1)
I used FITC-tagged Avidin to quantify the attachment of Avidin to the glutaraldehyde mod-
ified surface and estimate the biomolecular capture efficiency of the fabricated MWCNTs.
A stock solution of 100µg/ml of FITC Avidin in 1X-PBS has been prepared along with
ten different solutions of FITC Avidin (with 10 fold dilutions). Ten different MWCNT
(silanized and GA treated) samples are immersed in these solutions for 30 minutes to have
a uniform Avidin adsorption over the MWCNT surface. The MWCNT samples are then
rinsed using 1X-PBS solution to removed the unreacted FITC-tagged Avidin. The fluo-
rescence intensity of the sample is the measured to monitor the capture efficiency of the
MWCNT samples.
Protocol(2)
Avidin solution is mixed with 0.04M N-Hydroxysuccinimide (NHS) and 0.06M N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) in 1X-PBS (or MES buffer
(pH 5.3)). The APTES coated samples are then incubated in the solution having Avidin at
room temperature for 1 hour to have a uniform Avidin adsorption over the surface. The
samples are then rinsed using 1X-PBS solution to remove the unattached Avidin, dried
using nitrogen gas, and taken for characterization.
It should be noted that the EDC (or EDC/NHS) conjugation protocol also allows conju-
gation of proteins by reacting with the carboxylic (-COOH) groups. The oxidized MWC-
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Estimated improvement to simple 
microfluidic channel (average)
• PDMS Pillars ~ 2.05
• MWCNT Pillars ~ 6.03
• MWCNT Forest ~10.98
Estimated improvement to PDMS 
micropillars (average)
• MWCNT Pillars ~ 2.93
• MWCNT Forest ~ 5.32
Figure 6.5: A comparative variation of measured fluorescence intensity against
FITC-tagged Avidin concentration (ng/ml) in simple pre-concentration channel,
PDMS micropillar-based pre-concentration chamber, MWCNT micropillar-based pre-
concentration chamber, and MWCNT forests-based pre-concentration chamber. The aver-
age estimated enhancement in Avidin protein capturing compared to a simple microfluidic
channel and PDMS micropillar-based preconcentration chamber has been shown.
NTs have presence of -COOH groups at their surface which can directly react with EDC (or
EDC/NHS) to allow conjugation of Avidin protein. This mechanism has been extensively
employed in the literature along with its associated challenges (as mentioned in Chapter 4)
[198].
I have utilized the first protocol for the conjugation of Avidin protein for my work.
Avidin solution is flowed through the microfluidic chip for 30 minutes, followed by incu-
bation at room temperature for 30 minutes to have a uniform Avidin adsorption over the
forests and micropillars in the pre-concentration chamber. The microfluidic chip is then
rinsed using 1X-PBS solution to remove the unattached Avidin.
Figure 6.5 shows a comparative variation of measured fluorescence intensity against
FITC-tagged Avidin concentration (ng/ml) in simple pre-concentration channel, PDMS
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micropillar-based pre-concentration chamber, MWCNT micropillar-based pre-concentration
chamber, and MWCNT forests-based pre-concentration chamber. The average estimated
enhancement in Avidin protein capturing compared to a simple microfluidic channel and
PDMS micropillar-based preconcentration chamber has been calculated. It has been ob-
served that introduction of MWCNT micropillars in the pre-concentration chamber en-
hances the capturing efficiency by ∼ 6 times, while the introduction of forests enhances
the capturing efficiency by ∼ 11 times, compared to simple microfluidic channel having a
rectangular microfluidic channel of similar dimensions.
6.4 Affinity-based analyte pre-concentration, glycoprofiling, and release
The capturing and pre-concentration performance of the functionalized MWCNTs pre-
concentration microfluidic chip has been evaluated using the human lyophilized PSA (from
human source, fPSA), as mentioned earlier in Chapter 5. Briefly, five different concentra-
tions of the PSA with 10-fold dilutions (i.e., 0.01, 0.1, 1, 10, and 100 ng/ml), in PBS buffer
solution are flowed through the functionalized MWCNT microfluidic pre-concentration de-
vices for 15 minutes, followed by 30 minutes of incubation. The functionalization of the
devices has been performed in the similar manner as explained earlier in Chapter 5. The
unattached PSA has been rinsed using 1X-PBS solution. A solution containing 100µg/ml
of FITC-tagged MAA-II lectin and Cy5-tagged SNA lectin in 1X-PBS (pH 7.4) has been
used to quantify the capturing and pre-concentration of PSA. The lectin solution is then
flowed in the microfluidic capture chamber for 15 minutes. The chip is then incubated
at room temperature for 30 minutes (in dark environment wrapped in aluminum foil). The
chip is rinsed with 1X-PBS for 5 minutes and imaged for fluorescence measurements. Once
fluorescence is observed, the chip is placed under a UV lamp (MJB4 Mask Aligner Lamp,
10mW/cm2 intensity, distance of 5cm) for 10 minutes. After the exposure, the chip is
rinsed using 1X-PBS solution for 30 minutes (flow rate of 5µl/min) and the fluorescence
intensity is recorded.
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Figure 6.6: Actual results showing PSA capture with MWCNT micropillars and forests
for a 500µm wide microfluidic channel. Fluorescence intensity variations for Cy5-tagged
SNA lectin and FITC-tagged MAA-II lectin has been shown
6.4.1 Results and Discussions
As explained earlier in chapter 5, I have employed the SNA (Cy5-tagged) and MAA-II
(FITC-tagged) lectins simultaneously, to demonstrate an on-chip multiplexed PSA glyco-
profiling. Commercial fPSA (obtained from healthy subjects) has been used for the ex-
periments. The fluorescence intensity has been measured to estimate the binding of the
lectins to the PSA. The figure 6.6 shows the obtained fluorescence intensity results for
the on-chip multiplexed PSA glycoprofiling in the MWCNT forests-based and MWCNT
mircopillars-based affinity pre-concentrator devices. The fluorescence intensity measure-
ments for the Cy5-tagged SNA lectin has shown considerable increase with the increase
in PSA concentration, showing binding of the SNA lectin to the PSA. However, extremely
weak fluorescence signals has been observed for the FITC-tagged MAA-II lectin showing
negligible binding of the MAA-II lectin to the PSA. These results are in agreement with
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the results obtained earlier for the PDMS micropillar-based microfluidic pre-concentration
devices and ones reported in the literature [188],[191]. Moreover, the pre-concentrated
sample has been released in∼ 30 minutes for both micropillars and forest based structures.
6.5 Conclusion
I demonstrated the use of carbon nanotubes (CNTs) as high porosity material for enhanced
on-chip biomolecular pre-concentration applications. I fabricated and utilized CNTs forests
and micropillar structures over a silicon substrate to increase the effective surface area of
a microfluidic pre-concentrator device. These CNTs grown are multi-walled (concentric
walls) with an average height of ∼ 30µm, average diameter of ∼ 8nm − 12nm, and an
average intra-CNT spacing of ∼ 80 − 100nm, leading to a volume fraction of less than
1% − 2% CNTs. This resulted in an increased surface are for biomolecular capturing
applications.
The MWCNT forests and micropillars has been grown over a silicon substrate, aligned,
and bonded with the PDMS based microfluidic channels to develop the biomolecular pre-
concentrator and filtering devices. The capturing efficiency and performance of these de-
signed MWCNT forests and micropillar-based pre-concentration platforms have been as-
sessed by employing the PC-biotin linker-based modified lectin immunoassay for the PSA
biomarker capturing, pre-concentration, glycoprofiling, and release. The capability of mul-
tiplexed glycoprofiling for elucidating the PTMs of the PSA cancer biomarker has been
demonstrated by using the SNA and MAA-II lectins. An estimated (interpolating the mea-
sured fluorescence results) minimum LOD of ∼ 0.5pg/ml and a LOQ of ∼ 1pg/ml can
be achieved for on-chip multiplexed PSA pre-concentration, detection, and glycoprofiling
using the MWCNT forest based platform.
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CHAPTER 7
INTEGRATED OPTICAL MICRORESONATORS FOR MULTIPLEXED
SENSING APPLICATIONS
7.1 Introduction
In this chapter, a design approach for high-Q optical microresonators in silicon has been
presented. The high-Q optical microresonators provide highly sensitive, compact, and scal-
able transducers that enables versatile realization of highly multiplexed and array based
chemical and biological sensing platforms. The immobilization of different biological
reagents such as silanes, antibodies, biomarkers, DNA, viruses, and lectins, makes the
sensor highly sensitive and selective to different target antigens of interest. Moreover, the
integration of microfluidics with the sensing transducers allows on demand delievery of
extremely small volumes of chemical and biological analytes, resulting in realization of
advanced LOC solutions for various chemical and biological sensing applications.
7.2 Optical Microresonators
The resonance wavelength of the optical microresonators is dependent on the refractive in-
dex of the material surrounding the resonator. The refractive index variation in the evanes-
cent tail of the resonator mode such as TE or TM, results in a resonance shift. Chemicals
and biomolecules having different refractive indices can be detected by monitoring the
shift in resonance for any resonator device. The planar cavity based resonators such as
microrings, microdisks, racetracks, or spirals, are ”resonating” (on the resonance) when
the ”phase” φ is an integer multiple of 2π, or when the wavelength of the light fits a whole







where neff = effective refractive index of the guided mode, L = length of the cavity
(microring resonator), m = azimuthal mode integer = 1,2,3,... .
Exploiting the highly sensitive refractive index based sensing capability, I have de-
signed ultra-compact, high-Q, single-mode, and TM polarized optical microresonators for
operation at 1550nm wavelength. Silicon-on-insulator (SOI) sample has been consid-
ered as the substrate owing to its CMOS process compatibility. Silicon (n = 3.480 @
λ = 1550nm) as device layer, silicon oxide (n = 1.444 @ λ = 1550nm) as bottom
cladding, and air (n = 1.000 @ λ = 1550nm) and water (n = 1.318 @ λ = 1550nm) as
top cladding, has been used for the design. COMSOL finite element method (FEM) soft-
ware has been employed for the design and simulations of these optical microresonators.






















Figure 7.1: A pictorial illustration of (a) an optical microresonator (microring) coupled to
an input waveguide (b) 2D cross sectional view of the illustrated 3D architecture in (a).
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7.2.1 Microresonator Optimization and Design Simulations
The TE and TM polarized optical mode profiles for the silicon microresonator devices on
a silicon-on-insulator (SOI) substrate (250nm of silicon device layer and 3µm of buried
oxide layer), with air and water as cladding for different values of device widths, operating
at λ = 1550nm, has been simulated using COMSOL numerical software. The width (wr)
of the resonators and the input waveguide has been selected to be 500nm to ensure single-
mode TE or TM polarized operation [199].
The mode profile simulations for a 4µm microring resonator (with air cladding) re-
vealed bulk sensitivities of 44.684nm/RIU and 124.671nm/RIU for TE and TM polar-
ized light, respectively. Similarly, bulk sensitivities of 50.157nm/RIU and 160.205nm/RIU
for TE and TM polarized light with water as cladding has been observed, respectively. Fig-
ure 7.2 shows the COMSOL simulation for the TE mode and TM optical modes propagat-
ing in a 500nm wide and 250nm thick silicon device, with air and water as top claddings.
Table 7.1 shows the COMSOL simulation results for the designed 4µmmicroring resonator
in air and water cladding.
It has been observed that the TM mode profile extends much further into the cladding
compared to the TE mode profile. This results in higher sensitivities of the TM mode (upto
3 times greater than TE mode) for bulk refractive index variations. Moreover, when com-
pared to the TE mode, the TM mode have much less interaction with the sidewalls of the
resonators as most of the mode energy is guided above the waveguide into the cladding.
This allows lesser scattering loss as the fabricated devices are prone to sidewall imperfec-
tions owing to the fabrication limitations [199]. These advantages of the TM polarized
mode allowed its selection for chemical and biological sensing applications. Figure 7.3
shows the COMSOL simulation results for a TM polarized mode propagation in a silicon
device (height = 250 nm, width = 500 nm) on a SOI sample (3µm of buried oxide), operat-
ing at λ = 1550nm with (a) air cladding (n = 1.0), (b) water cladding (n = 1.318), (c) oxide
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Figure 7.2: COMSOL effective mode simulations for a 500nm wide, 250nm thick silicon
microresonator on a SOI substrate (3µm buried oxide) operating at λ = 1550nm (a) TE
polarized optical mode profile (air cladding), (b) TE polarized optical mode profile (water
cladding), (c) TM polarized optical mode profile (air cladding), (d) TM polarized optical
mode profile (water cladding)
The FSR simulations of the 4µm microring resonator operating at λ = 1550nm, with
air cladding has resulted in 23.62nm and 21.62nm of spectral shift between the alternating
azimuthal mode orders for the TE and TM polarized optical mode excitations,respectively.
Similarly, FSR values of 23.83nm and 24.61nm has been observed for water clad TE
and TM polarized microring resonators, respectively, as shown in figure 7.4. Similar FSR
simulations for a 100µm microring resonator (having a total cavity length of ∼ 630µm,
resembling a spiral resonator), operating at λ = 1550nm has been performed. FSR values
of 0.908nm and 0.854nm has been observed for air clad TE and TM polarized optical
mode operation, respectively. Similarly, FSR values of 0.962nm and 0.881nm has been
observed for water clad TE and TM polarized mode operation, respectively. Figure 7.4
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Figure 7.3: COMSOL simulation results for a TM polarized optical mode propagation at
λ = 1550nm in a SOI sample (height = 250nm,width = 500nm) with (a) air cladding (n
= 1.0) , (b) water cladding (n = 1.318), (c) oxide cladding (n = 1.44), and (d) SU-8 cladding
(n = 1.57)
claddings. Both TE and TM mode profiles of the 4µm microring resonator device has been
shown. Table 7.2 shows the COMSOL simulation results for the designed spiral resonator
in air and water cladding.
It has been observed that the FSR bandwidth decreases with the increase in radius of
the microresonators. The smaller resonator radius (i.e., smaller cavity lengths) is preferred
as it allows multiple similar resonators (with small modifications in the dimensions) to
be incorporated in the FSR bandwidth without having any spectral overlap, thus allowing
highly multiplexed operation capability. The challenge with smaller radius lies in the cou-
pling gap adjustment between the single mode optical waveguide and the resonator [199].
Smaller resonator dimensions result in considerably smaller coupling gap requirements for
efficient coupling i.e., the critical coupling [199]. Therefore, considering the fabrication
limitations, a microring radius of 4µm has been selected for the multiplexed array design,
with coupling gap of 100nm and 120nm for air and water cladding, respectively.
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Figure 7.4: COMSOL free spectral range (FSR) simulations for a 500nm wide, 250nm
thick silicon microresonator on a SOI substrate (3µm buried oxide) operating at λ =
1550nm (a) TE polarized optical mode profile (m = 39, air cladding), (b) TM polarized
optical mode profile (m = 29, air cladding), (c) TE polarized optical mode profile (m = 39,
water cladding), (d) TM polarized optical mode profile (m = 29, water cladding)
mensions and tailoring the coupling gap, the surface for the analyte interaction also de-
creases with the decrease in the sensor dimensions. Conversely, increasing the resonator
dimensions increases the overall footprint of the device, decreases the available FSR band-
width for multiplexing, and consumes the precious silicon real estate. To address these
challenges, I came up with a spiral shaped resonator design, having a cavity length equiv-
alent to a 100µm ring resonator, packed within a 50µm by 50µm of silicon footprint, and
with a coupling gap of ∼ 250nm. This allows larger capture area per unit of available
silicon real estate and also relaxes the phase matching conditions (coupling gap adjust-
ment) for operation in critical coupling regime [121],[200]. The FSR bandwidth can also
be tailored accordingly for highly multiplexed sensing applications by changing the overall
cavity length of the spiral resonators according to the requirement.
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The silicon microresonator’s thermal drift issue has been addressed by selectively coat-
ing ring resonators as on-chip reference resonators. SU-8 polymer (n = 1.57 @ λ =
1550nm) has been employed for the coating purpose. Both of the designs i.e., the multi-
plexed microring resonator design and the spiral array design, are equipped with a SU-8
coated 4µm microring reference resonators. The SU-8 protective layer isolates the micror-
ing resonators from the biological and chemical solutions during the sensing experiments,
thereby allowing a differential resonance shift measurement which is not affected by the
temperature, or a homogeneous wavelength drift in the laser.
Table 7.1: COMSOL simulation results for microring resonator in air and water cladding




Range - FSR (nm)
Bulk Sensitivity
(nm/RIU)
TE TM TE TM TE TM
Air 1.000 2.452 1.794 23.600 21.623 44.685 124.672
Water 1.318 2.489 1.908 23.890 24.612 50.157 160.205
Table 7.2: COMSOL simulation results for spiral resonator in air and water cladding




Range - FSR (nm)
Bulk Sensitivity
(nm/RIU)
TE TM TE TM TE TM
Air 1.000 2.452 1.794 0.908 0.854 35.237 100.313
Water 1.318 2.489 1.908 0.962 0.881 53.368 160.677
7.2.2 Grating Design
Coupling light is a major aspect in the design of any optical sensing platform. In the
proposed microresonator based design, TM polarized optical mode has been preferred for
enhanced sensing applications. To excite this desired TM polarized optical mode into the
sensor platform, a periodic, fully etched, TM polarized, optical grating couplers has been
designed, simulated, optimized, fabricated, and characterized for the realization of a dispos-
able, POC, densely integrated, and compact on-chip optical sensing platform. 2D-Finite-
difference Time-domain (FDTD) simulations and particle swarm optimization algorithm
available with the Lumerical software platform has been employed for the designing and
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optimization of the TM polarized optical grating coupler to achieve high I/O light coupling
efficiency for the integrated photonic sensor chip.
The traditional methods of designing optical grating couplers involve exhaustive sim-
ulations for optimizing the design parameters, such as grating period (pitch), grating duty
cycle (or fill factor), effective refractive index, transmission efficiency, fiber position, back
reflections [201],[202]. These simulations are time consuming and computationally inten-
sive. In this design approach, I used the available mathematical models (i.e, Bragg’s con-
dition and effective refractive index estimation) for the initial calculations employing the
process and design limited parameters such as cladding, core, silicon thickness, etch depth,
operating wavelength, effective refractive index, fiber input, output angles as initial values
[201],[202]. Once these initial results are calculated, I employed the ”Lumerical software”
program to estimate and optimize the I/O fiber position over the grating, followed by opti-
mization of the pitch and duty cycle of gratings employing the particle swarm optimization
algorithm (available with Lumerical Software). Transmission efficiency (Tavg) has been
selected as the figure of merit (FOM) and is maximized during these optimizations. Figure
7.5 shows a work flow chart of the approach followed for the design.
Silicon-on-insulator (SOI) sample has been considered as the substrate for the design of
TM polarized gratings. Silicon as device layer with a thickness of 250nm, silicon oxide as
bottom cladding with a thickness of 3µm, and air as top cladding has been considered as the
starting point for the design. The design has been proposed to have a single lithography step
and etching step for the realization of overall sensing architecture, resulting in a fast and
economical fabrication solution for the device manufacturing and packaging. Therefore,
a grating etch depth value of 250nm has been used through-out the design analysis and
optimization. Figure 7.6 shows a 2D illustration of a fully etched and TM polarized grating
coupler on a SOI substrate.
For initial analytical calculations, a grating duty cycle (D) value of 0.5 has been as-
sumed. Effective refractive index of TM polarized mode (neff1) propagating in silicon has
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Design Parameters and Objectives
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3) Device Layer and cladding materials, etc.
Initial Analytical Calculations
1) Analytical estimation of effective refractive index 
of single grating period
2) Estimation of grating period using Bragg’s 
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Design Optimization using 2D FDTD Simulations
1) Optimize input beam/fiber position
2) Optimize grating period and duty cycle for 
transmission efficiency
Mask Layout and Fabrication 
1) Device layout using optimized parameters
2) Fabrication and testing of the devices
Figure 7.5: A schematic work flow for 2D-FDTD based design of grating couplers
been simulated using COMSOL i.e., neff1 = 1.7935, and an effective refractive index of air
i.e., etched section, neff2) = 1.0, has been used for the effective refractive index estimation
(for TM polarized mode) for a periodic unit cell of the grating, using the formula given in
equation 3.2.
neff TM = neff1 + (1−D)neff2 (7.2)
where
neff1 = effective refractive index for TM mode propagation in silicon (non-etch sec-
tion), neff2 = effective refractive index for TM mode propagation in air (etched section),
and D = Duty Cycle (fill factor) of the grating
The Bragg’s condition, as given in equation 3.3, is then utilized for the initial calcu-
lations of the grating period (Λ). The 1st order grating mode (m = 1), operating laser
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= neff TM − ncsin(θ) (7.3)
where
m = grating mode order, λ = laser wavelength, Λ = grating pitch, neff TM = effective
refractive index for the propagating TM mode in one unit cell of the grating, nc = cladding
refractive index, θ = I/O fiber angle.
The analytically calculated values are then used as the initial conditions for the op-
timization of the grating’s period (Λ) and the duty cycle (D). The average transmission
efficiency (Tavg) between 1500nm and 1600nm has been selected as the FOM for the op-
timization of the gratings, as shown in equation 3.3. Particle swarm optimization setup is
then employed to optimize the FOM for both input and output grating couplers.
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FOM = Tavg =
∫ 1.5µm
1.6µm T (λ)dλ∫ 1.5µm
1.6µm dλ
(7.4)
Figure 7.7 shows the results for the optimization. An efficiency of 49.25% has been
achieved for the grating couplers using a duty cycle (D) of 0.555 with a grating pitch of
0.996µm. Actual TM polarized grating couplers are then fabricated using the obtained val-






Pitch Duty Cycle Efficiency
Λ (μm) D η
0.996 0.555 49.2
Figure 7.7: The figure shows (a) optimized coupling efficiency result for a TM polarized
grating using the Lumerical FDTD software, (b) SEMs images for the fabricated TM po-
larized grating, and (c) a table showing optimized results for pitch (Λ), duty cycle (D), and
efficiency (η) using the Lumerical FDTD software.
7.2.3 Multiplexed Sensing using Optical Microring Resonators
Multiple sets of five high-Q microring resonators coupled to a common input waveguide
have been designed and fabricated. The width of the microring resonators is selected to be
500nm and their radii are adjusted (radii variations of ±10nm across a radius of 4µm), to
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achieve equally spaced (within one free spectral range (FSR)) and unique resonance wave-
lengths for each of the microrings. This allows independent and individual monitoring of
each microring sensing element at its corresponding wavelength, such that when simulta-
neously excited, the corresponding resonance frequencies are evenly spaced in the desired
FSR range without any spectral overlap. This allows realization of highly multiplexed
refractive index based sensing capability.
7.2.4 Array based Sensing using Optical Spiral Microresonators
High-Q spiral resonators, which provide a higher sensing area in a small footprint, as an
alternative to the multiplexed microring resonator array has been proposed. Single-mode
TM polarized spiral resonators with a length of 630µm, (enabling higher light-matter inter-
action with the analyte over the resonator surface) has been designed and fabricated. The
designed spiral resonators provide a small footprint of 50µm by 50µm, and a sensing area
more than 6 times of a microring in a similar footprint.
7.3 Fabrication
The TM mode I/O grating devices, along with the waveguides and the micro resonators
(microrings and spirals) are patterned on a SOI substrate with a 250nm thick silicon device
layer on a 3µm thick buried oxide, using electron beam lithography. 6% HSQ (negative
electron beam resist) is spin coated on the sample, followed by ESPACER which prevents
the charge build up effect on the sample. The device pattern is written over the sample us-
ing the JEOL JBX-9300FS EBL system. Immediately after pattering, the sample is rinsed
with running DI-water for 2 minutes, dried using nitrogen gas and developed in a solution
of tetramethylammonium hydroxide (TMAH, 25% w/w) at 40◦C for 30 seconds. The de-
veloped sample is rinsed using DI-water for 5 minutes, dried using nitrogen gas, and etched
using a chlorine-based recipe in an Inductively Coupled Plasma (ICP) system. Figure 7.8
(a) and (b) shows the flow diagram for the major fabrication processes involved in the real-
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ization of the on-chip sensing devices. Figure 7.9 (a) and (c) shows the optical microscope
images for the fabricated TM optical mode grating and microring resonator, while figure
7.9 (b) and (d) shows the SEM images of fabricated TM optical mode grating and micror-
ing resonator. Similarly, figure 7.10 (a) and (b) shows the optical microscope and SEM
images of the fabricated spiral resonator.
(a)
(b)
Figure 7.8: (a) A fabrication process flow diagram showing major steps involved in device
fabrication (b) A schematic illustration of major device fabrication steps (side view cross-
section)
7.4 Characterization
The fabricated devices are characterized using an Infra Red (IR) tunable laser (Agilent
81682A) setup. The laser is launched into a lensed single mode fiber using an in-line
polarization controller. The fiber is mounted on a 3D rotating stage equiped with XYZ
axis controllers, along with the rotation and tilt compensation mechanism. The fiber is
then aligned such that the outcoming light is focused on the input facet of the input TM
mode grating coupler. The output light from the chip is collected at the output facet of the
output TM mode grating coupler using a similar lensed fiber and fed directly to an InGaAs
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Figure 7.9: SEMs and microscope images of fabricated devices
photodetector (Thorlabs PDB 150C, 800 nm to 1700 nm).
The transmission spectrum of all the devices is then obtained by sweeping the laser
wavelength from 1460 nm to 1600 nm. The state of polarization of the incoming laser
light is adjusted by aligning the single mode optical fibers with the TM grating, and the
in-line polarization controller is adjusted such that the TM resonance modes of the mi-
croring resonator are only obtained at the output (i.e., TE modes are not excited through
the waveguide). Once the TM polarization is adjusted, the transmission spectrum of the
desired devices on the chip are characterized by measuring the optical power in the out-
put fiber for each device. To minimize the effect of fiber to waveguide coupling variation
(caused by possible misalignment), we repeat the alignment several times to make sure
maximum coupling is achieved at a fixed wavelength (i.e., 1550 nm). Moreover, the exper-
iments has been performed for a constant input laser power i.e., 800µW , with the sample
placed over a temperature stabilization stage at 25◦C to have uniform readings across all
the experiments. Figure 7.11 shows an illustration of optical fiber-based characterization
setup for silicon microresonator sensing platforms [203].
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Figure 7.10: SEMs and microscope images of fabricated devices
Figure 7.12 shows the post-processed experimental transmission spectrum of a multi-
plexed ring resonator platform with air cladding. The resonance corresponding to each of
the fabricated minoring resonator are visible. Marked FSR of ∼ 23nm for the azimuthal
mode orders (m) of 28 and 27 respectively, is also shown for the fabricated device. The in-
set shows a single resonance peak of a ring resonator R4 for azimuthal order of 29, having
a measured loaded Q-factor of ∼ 50K. Figure 7.13 shows the post-processed experimen-
tal transmission spectrum of a multiplexed ring resonator platform with and without SU-8
coated reference resonator in air cladding. The reference resonator peaks are marked on
the spectrum.
Figure 7.14 (a) shows the post-processed experimental transmission spectrum of a spiral
ring resonator platform in air cladding. Figure 7.14 (b) shows a zoom-in version of the
transmission spectrum with marked FSR of 0.88nm between azimuthal mode orders of
727 and 726, respectively, and figure 7.14 (c) shows a single resonance peak of a spiral
resonator for azimuthal mode order of 727. Loaded Q-factor of ∼ 50K has been observed
for the fabricated device. Figure 7.15 shows a post-processed experimental transmission
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Figure 7.11: An illustration of optical fiber-based characterization setup for silicon mi-
croresonator sensing platforms [203]
spectrum of a spiral resonator platform with and without SU-8 coated reference resonator
in air cladding. The reference resonator peaks are marked on the spectrum.
7.5 Sensor Performance Metrics
7.5.1 Sensitivity (S)
Sensitivity (S) of a microring resonator is defined as the shift in resonance wavelength
per unit change in the refractive index of the cladding (nm/RIU) [204]. The normalized
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Figure 7.12: The figure shows a post-processed experimental transmission spectrum of a
multiplexed ring resonator platform with air cladding. The resonance corresponding to each
of the fabricated minoring resonator are visible. Marked FSR of∼ 23nm for the azimuthal
mode orders (m) of 28 and 27 respectively, is also shown for the fabricated device. The
inset shows a single resonance peak of a ring resonatorR4 for azimuthal order of 29, having
a measured loaded Q-factor of ∼ 50K.
such that λ = input wavelength, ∆λ = change in resonance wavelength, and ∆nclad =
change in the refractive index of the cladding.
In the realm of sensing applications, the change in refractive index can result from a
change in the bulk refractive index, biomolecular layer attachment over the surface, surface
density of attached biomolecules, or analyte concentration [114],[115].
7.5.2 Q-Factor
The Q-factor of a microring resonator has been defined as the number of oscillations before
the energy in the resonators decays to 1/e of its actual value [204]. Higher Q-factor means in
more light time in the resonator, resulting in longer interactions with the analyte. Moreover,





Figure 7.13: The figure shows a post-processed experimental transmission spectrum of a
multiplexed ring resonator platform with and without SU-8 coated reference resonator in
air cladding. The reference resonator peaks are marked on the spectrum.
7.5.3 Limit of Detection (LOD)
The LOD for a microring resonator has been defined as the minimum change in analyte
refractive index the resonator is capable of detecting [204]. It is calculated as
LOD = ∆nmin =
1
Q.S ′
7.6 Chemical Sensing using Optical Microresonators
7.6.1 Saltwater Analysis
Saltwater analysis has been performed to determine the sensitivities (S) and intrinsic limit
of detection (LOD) of the fabricated microrings and spiral resonators to characterize their
performance for advanced chemical and biosensing applications. Sodium chloride (NaCl)
salt solutions are prepared in DI-water with six different concentrations i.e., 0 mM, 31.25mM,
125mM, 250mM, 500mM, and 1M. The control signal has been generated with DI-water
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Figure 7.14: The figure shows (a) post-processed experimental transmission spectrum of
a spiral ring resonator platform in air cladding, (b) shows a zoom-in version of the trans-
mission spectrum with marked FSR of 0.88nm between azimuthal mode orders of 727 and
726, respectively, and (c) shows a single resonance peak of a spiral resonator for azimuthal
mode order of 727. Loaded Q-factor of∼ 50K has been observed for the fabricated device.
(i.e., 0mM).
Figure 7.16 shows the measured results for saltwater analysis for a 4µm ring resonator.
The shift in resonance wavelength for one of the azimuthal mode order (i.e., m = 27) is
visible from the results. A sensitivity of 112.15 nm/RIU and LOD of∼ 10−5RIU has been
observed from the results. Figure 7.17 shows the measured results for saltwater analysis
for the spiral resonators. The shift in resonance wavelength for one azimuthal mode order
(i.e., m = 727) is visible from the results. A sensitivity of 108.23 nm/RIU and LOD of
∼ 10−5RIU has been observed from the results.
7.6.2 Chemical Sensing
Chemical sensing capability for the microring resonator platform has been tested using
Water (n = 1.318), Anhydrous 2-Propanol (n = 1.365), IPA (30% water, 70% 2-Propanol,








Figure 7.15: The figure shows a post-processed experimental transmission spectrum of a
spiral resonator platform with and without SU-8 coated reference resonator in air cladding.
The reference resonator peaks are marked on the spectrum.
shift in resonance frequency for each of the resonator has been observed. The reference
resonator has also been monitored for the variation in the resonance shift. The overall shift
in resonance frequency (∆λ) has been adjusted by subtracting the reference shift from the
sensing shift to compensate the thermal drift of the resonators. Figure 7.18 shows the vari-
ation in resonance wavelength (adjusted with reference) for air-clad microring resonators
for chemical sensing applications. A sensitivity of ∼ 118nm/RIU has been observed
which corresponds to the simulated TM mode sensitivity of the microring resonators. The
variation in the simulated and observed values are primarily because of the fabrication im-
perfections.
7.7 Biosensing Applications using Optical Microresonators
In this work, the fabricated devices (i.e., silicon ring and spiral resonators) are tested for
two different chemical modification techniques to establish biomolecular attachment and
sensing. The devices are silanized using (3-Aminopropyl)triethoxysilane (APTES) and (3-
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Figure 7.16: Measured results for saltwater analysis for sensing for ring resonators showing
shift in resonance
Glycidyloxypropyl) trimethoxysilane (GPTMS, GPTS, GLYMO) for allowing advanced
biosensing applications. Avidin protein (66 - 69 kDa) is allowed to react with the APTES
silanized devices, while the SNA and MAA lectins are reacted with the GPTMS silanized
devices to quantify the biomolecular attachment and sensing. The change in the resonance
wavelength is evaluated for the resonators to characterize the surface attachment of the
proteins.
7.7.1 Case No: 1 - Avidin attachment experiment
Device cleaning
The devices are first copiously rinsed using acetone, methanol, and isopropyl alcohol (IPA)
and then dried using nitrogen gas. This is followed by Piranha (4:1 of H2SO4:H2O2)
cleaning at 80◦C for 30 minutes. The Piranha cleaned devices are again dried using the
nitrogen gas and placed in the UV-Ozone Cleaning System (UVOCS) for 15 minutes. The
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Arrows showing “shift in resonance” for a single azimuthal 
mode with change in saltwater concentration
Figure 7.17: Measured results for saltwater analysis using spiral resonators showing shift
in resonance wavelength
UVOCS cleaning mechanism controls the hydrophilicity of the devices by generating the
-OH bonds at the surface. The devices are then rinsed with DI-water, dried using nitrogen
gas, and placed over the hotplate at 110◦C for 5 minutes to completely remove any moisture
content. The dehydrate baking step extremely important as the silane reagents reacts with
the moisture (water) and hydrolyze over the sample resulting in loss of reactivity [145].
APTES silanization
The APTES solution has been prepared with a concentration of 5% (v/v) using anhydrous
2-Propanol solvent. The solution is properly mixed together using a vortexer (Thermo
Scientific) at 1500rpm for 30 seconds. 50µl of the APTES solution is then dropped over the
sample (using a pipette) and the sample is incubated for 30 minutes. After the incubation,
the sample is rinsed with 2-Propanol, and baked for 100◦C for 15 minutes over a hotplate
to achieve uniform immobilization of APTES over the surface. This process resulted in a
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Figure 7.18: Measured results for chemical sensing for ring resonators showing variation
in resonance wavelength for air-clad resonators
Woollam M2000 Ellipsometer setup). The shift in resonance is measured after the APTES
functionalization for both of the devices (i.e, microring and spiral resonators).
Glutaraldehyde treatment
A 2.5% glutaraldehyde (C5H8O2) solution in 1X-PBS (in volume ratio) is then drop-casted
over the APTES treated resonator surface surface for 15 minutes to generate aldehyde func-
tionalized surfaces. This is followed by 1X-PBS rinse to remove the unreacted glutaralde-
hyde solution and the shift in resonance is measured for both of the devices (i.e, microring
and spiral resonators).
Avidin adsorption
Avidin is a tetrameric biotin-binding protein with an estimate size of 66 - 69 kDa. It has
been used to monitor the biomolecular attachment of a protein to the aldehyde modified
surfaces. A solution of 100µg/ml of egg-white Avidin in 1X-PBS has been prepared and
drop-casted over the microring resonator surface to to monitor the attachment. The micror-
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ing resonator (and spiral resonator) is then incubated at room temperature for 30 minutes
to have a uniform adsorption over its surface. The sensor chip is then rinsed using 1X-PBS
solution to remove the unreacted Avidin and the shift in resonance is measured.
7.7.2 Case No: 2 - Lectin attachment experiment
Device cleaning
The devices are first copiously rinsed using acetone, methanol, and isopropyl alcohol (IPA)
and then dried using nitrogen gas. This is followed by Piranha (4:1 of H2SO4:H2O2)
cleaning at 80◦C for 30 minutes. The Piranha cleaned devices are again dried using the
nitrogen gas and placed in the UV-Ozone Cleaning System (UVOCS) for 15 minutes. The
UVOCS cleaning mechanism controls the hydrophilicity of the devices by generating the
-OH bonds at the surface. The devices are then rinsed with DI-water, dried using nitrogen
gas, and placed over the hotplate at 110◦C for 5 minutes to completely remove any moisture
content.
GPTMS silanization
The GPTMS solution has been prepared with a concentration of 5% (v/v) using anhydrous
2-Propanol solvent. The solution is properly mixed together using a vortexer (Thermo
Scientific) at 1500rpm for 30 seconds. 50µl of the solution is then dropped over the sample
(using a pipette) and the sample is incubated for 30 minutes. After the incubation, the
sample is rinsed with 2-Propanol, and baked for 100◦C for 15 minutes over a hotplate to
achieve uniform immobilization of GPTMS over the surface. This process resulted in a
uniform layer of GPTMS over the surface with a thickness of ∼ 3.3nm (measured using a
Woollam M2000 Ellipsometer setup). The shift in resonance is measured after the GPTMS
functionalization for both of the devices (i.e, microring and spiral resonators).
126










• Sensing Resonator # 1
• Sensing Resonator # 2
• Reference Resonator
Figure 7.19: An illustration of on-flow coating and multiplexed sensing platform based on
silicon microresonators. Inset shows a fabricated device under the characterization setup
for realization of real-time label-free sensing using high-Q optical microresonators.
Lectin adsorption
SNA and MAA-II lectins are glycan binding proteins with an estimated size of 140 kDa and
130 kDa, respectively [205]. A solution of 100µg/ml of each of the lectins in 1X-PBS has
been prepared and drop-casted over the microring resonator surface (two separate sensor
chips are utilized for experiments) to monitor the attachment. The microring resonator
(and spiral resonator) device is then incubated at room temperature for 30 minutes to have
a uniform adsorption over its surface. The sensor chip is then rinsed using 1X-PBS solution
to remove the unreacted lectins and the shift in resonance is measured.
*Note: The lectin attachment to the GPTMS surface is favored in a high humidity envi-
ronment (i.e., 80% humidity). The resonator devices are incubated in a humidity chamber
for the lectin attachment procedure.
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Table 7.3: Measured shift in resonance wavelength for microring resonators for different
surface modification protocols
Observations Silanization GlutaraldehydeTreatment Biomolecular Attachment
APTES GPTMS Avidin SNA Lectin MAA Lectin
Shift in Resonance (nm) 49.82 4.876 6.678 3.127 2.076 1.729
7.8 On-flow coating and multiplexed sensing demonstration
I have designed and fabricated a microfluidic platform, coupled with densely integrated
on-chip high-Q SOI optical microresonators, to demonstrate real time, on-flow label-free
multiplexed sensing. Figure 7.19 shows a pictorial representation of the designed platform,
while inset shows a fabricated device under the characterization setup for realization of
real-time label-free sensing using high-Q optical microresonators.
7.9 Conclusion
I have designed high-Q optical microring and spiral resonators in SOI platform to work
as highly sensitive, compact, and scalable transducers, enabling a versatile realization of
highly multiplexed and array based chemical and biological sensing platforms. I have also
demonstrated the integration of microfluidics with the sensing transducers, allowing on
demand delievery of extremely small volumes of chemical and biological analytes, result-
ing in realization of advanced LOC solutions for various chemical and biological sensing
applications.
A highly multiplexed refractive index based sensing platform has been demonstrated
based on high-Q microring structures which allows independent and individual monitoring
of each of the microring sensing element at its corresponding wavelength. The platform
has been design in such a fashion that when simultaneously excited, the corresponding
resonance frequencies are evenly spaced in the desired FSR range without any spectral
overlap. Similarly, a high-Q spiral resonator based sensing platform has been demonstrated,
providing a higher sensing area in a small footprint. The designed spiral resonator platform
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provided a small footprint of 50µm by 50µm, and a sensing area more than 6 times of a
microring in a similar footprint. Q-factors of ∼ 50K has been achieved for both of the
designs. The sensitivity performance of ∼ 0.43pg/(mm2.pm), a minimum LOD for mass
sensing as ∼ 0.5pg/mm2, and a minimum resolution of 1pm has been demonstrated for
biosensing applications [200].
Another aspect is the optimization of the nanofabrication processes, and repeatability of
fabrication for these sensing platforms. I have designed and demonstrated these devices in
a manner to be compatible with single step electron beam lithography, single step etching,
and extremely low-cost industrial grade microfluidic platform integration. This has enabled





8.1 Summary of the Work
The objective of this thesis is to investigate and demonstrate compact lab-on-a-chip (LOC)
sensor for the Post Translational Modification (PTM) profiling of the proteins used as
biomarkers, for early cancer detection. The LOC sensor comprises of an on-chip pre-
concentration and filtering device to isolate the targeted low-abundance proteins form the
complex input samples and an integrated photonic sensor microarray for profiling the
molecular structures of the isolated protein epitopes. The motivation of this work has been
extracted from the lack of ability of conventional affinity-based pre-concentration and sep-
aration techniques for elucidating PTMs of the proteins, and the unavailability of LOC
sensors for this task. The multi-disciplinary research has been focused towards the inte-
gration of functional proteomics, microfluidics, and nanofabrication, employing principles
of theoretical modeling and simulations, microfluidics, surface chemistry, and nano-optics
for the realization of a novel integrated LOC platform for pre-concentration, filtration, and
label-free detection of proteins and biomarkers.
8.2 Technical Contributions
8.2.1 Demonstration of affinity-based multiplexed biomolecular capturing and release
using miniaturized PDMS micropillar-based platform
I have demonstrated biomolecular (i.e., proteins and biomarkers) filtering and pre-concentration
based on an affinity-based separation approach. The target biomolecules are captured and
pre-concentrated on the PDMS-based micropillars. The micropillar’s surface is specifically
functionalized with the specific affinity epitopes corresponding to the biomolecules for en-
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hanced affinity-based capturing. The pre-concentrated biomolecules are then released on
demand and can be recaptured on a sensing transducer (e.g., optical sensor arrays), allow-
ing a complete label-free sensing and profiling (secondary epitopes such as glycoforms) of
the biomolecules.
I demonstrated a multi-step surface functionalization protocol to optimize on-the-flow
surface functionalization and capturing efficiency of the biomolecules in a PDMS-based
microfluidic platform. I designed, optimized, fabricated, and characterized a PDMS-based
microfluidic platform, having a micropillar based biomolecular pre-concentration chamber
allowing increased surface-to-volume ratio (SVR) for enhanced biomolecular filtering and
preconcentration. The surface of the pre-concentrator chamber is functionalized with the
Avidin protein, followed by the use of a biotinylated photo-cleavable (PC) linker conju-
gated with the biomolecular specific antibodies (i.e., anti-PSA IgGs). The use of PC-biotin
linker is the key towards solving the challenges such as sample degradation, introduction
of contaminants (due to the release of non-specifically bound proteins), and elution of
endogenous proteins (along with the desired protein) [23], faced while releasing the pre-
concentration samples from microfluidic devices.
I effectively demonstrated the capture and release of IgG proteins (from Rabbit serum)
and PSA cancer biomarkers (fPSA, human serum) using the PC-biotin linker with clini-
cally relevant sample concentrations and volumes. I also demonstrated the capability of
multiplexed glycoprofiling for elucidating the PTMs of the PSA cancer biomarker using
the SNA and MAA-II lectins. A dynamic working range of ∼ 10 orders of magnitude
higher compared the commercially available ELISA kit for PSA detection (i.e., 0.01ng/ml
to 12ng/ml for fPSA ELISA kit [192]), has been achieved using the designed PDMS-
based micropillar pre-concentration platform. Overall, a minimum LOD of ∼ 10pg/ml
and a LOQ of ∼ 20pg/ml has been been achieved for on-chip multiplexed PSA pre-
concentration, detection, and glycoprofiling.
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8.2.2 Demonstration of nanoporous MWCNT forests and micropillars for multiplexed
on-chip biomolecular capturing and release
I demonstrated the use of carbon nanotubes (CNTs) as high porosity material for enhanced
on-chip biomolecular pre-concentration applications. I fabricated and utilized CNTs forests
and micropillar structures over a silicon substrate to increase the effective surface area of
a microfluidic pre-concentrator device. These CNTs grown are multi-walled (concentric
walls) with an average height of ∼ 30µm, average diameter of ∼ 8nm − 12nm, and an
average intra-CNT spacing of ∼ 80 − 100nm, leading to a volume fraction of less than
1% − 2% CNTs. This resulted in an increased surface are for biomolecular capturing
applications.
The MWCNT forests and micropillars has been grown over a silicon substrate, aligned,
and bonded with the PDMS based microfluidic channels to develop the biomolecular pre-
concentrator and filtering devices. The capturing efficiency and performance of these de-
signed MWCNT forests and micropillar-based pre-concentration platforms have been as-
sessed by employing the PC-biotin linker-based modified lectin immunoassay for the PSA
biomarker capturing, pre-concentration, glycoprofiling, and release. The capability of mul-
tiplexed glycoprofiling for elucidating the PTMs of the PSA cancer biomarker has been
demonstrated by using the SNA and MAA-II lectins. An estimated minimum LOD of ∼
0.5pg/ml and a LOQ of ∼ 1pg/ml can be achieved for on-chip multiplexed PSA pre-
concentration, detection, and glycoprofiling using the MWCNT forest based platform.
8.2.3 Demonstration of high-Q SOI microresonators with high repeatability, for multiplexed
and array based sensing application
I have designed high-Q optical microring and spiral resonators in SOI platform to work
as highly sensitive, compact, and scalable transducers, enabling a versatile realization of
highly multiplexed and array based chemical and biological sensing platforms. I have also
demonstrated the integration of microfluidics with the sensing transducers, allowing on
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demand delievery of extremely small volumes of chemical and biological analytes, result-
ing in realization of advanced LOC solutions for various chemical and biological sensing
applications.
A highly multiplexed refractive index based sensing platform has been demonstrated
based on high-Q microring structures which allows independent and individual monitoring
of each of the microring sensing element at its corresponding wavelength. The platform
has been design in such a fashion that when simultaneously excited, the corresponding
resonance frequencies are evenly spaced in the desired FSR range without any spectral
overlap. Similarly, a high-Q spiral resonator based sensing platform has been demonstrated,
providing a higher sensing area in a small footprint. The designed spiral resonator platform
provided a small footprint of 50µm by 50µm, and a sensing area more than 6 times of a
microring in a similar footprint. Q-factors of ∼ 50K has been achieved for both of the
designs. The sensitivity performance of ∼ 0.43pg/(mm2.pm), a minimum LOD for mass
sensing as ∼ 0.5pg/mm2, and a minimum resolution of 1pm has been demonstrated for
biosensing applications [200].
Another aspect is the optimization of the nanofabrication processes, and repeatability of
fabrication for these sensing platforms. I have designed and demonstrated these devices in
a manner to be compatible with single step electron beam lithography, single step etching,
and extremely low-cost industrial grade microfluidic platform integration. This has enabled
me to achieve lower cost of fabrication, device complexity, and much faster lab-to-market
time.
8.3 Future Work
In the end, I would like to briefly discuss a few possible extensions of the work performed
in this thesis.
• I have demonstrated on-chip capturing and pre-concentration, release, glycoprofiling,
and multiplexed detection of PSA biomarker using PDMS-based microfluidic plat-
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form and high-Q optical microresonators. A single chip platform having enhanced
fluid handling with the help of on-chip valves and pressure controllers, along with
densely integrated optical transducers for enhanced multiplexed sensing and glyco-
profiling of biomarkers can be a way forwards for commercialization of a complete
product.
• I have demonstrated the biomolecular capturing, pre-concentration, release, glyco-
profiling, and multiplexed sensing by tailoring and optimizing the universally ac-
cepted chemical strategies. There lies a great potential for improvement and modi-
fication of these recipes and procedures for elucidating various other biomolecules
such as cancer biomarkers, proteins, DNAs, viruses, glucose, and aptamers.
• The use of nanophotonics and advanced nanofabrication techniques have allowed us
to realize biosensing platforms in Si that can decrease the existing clinical LODs for
various biomarker sensing applications. Optical material platforms such as SiN, can







All the fabrication equipment and cleaning solutions has been provided at the IEN clean-
room utility of the Georgia Institute of Technology, Atlanta, US.
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Table A.1: List of chemicals and related equipment used for the experiments
No. Item Name Manufacturer
1 (3-aminopropyl)triethoxysilane (APTES) Sigma Aldrich
2 (3-Mercaptopropyl)trimethoxysilane (MPTMS) Sigma Aldrich
3 2-Propanol (98% Pure) Sigma Aldrich
4 (3-Dimethylaminopropyl) - N- ethylcarbodiimide hydrochloride (EDC) Sigma Aldrich
5 N - Hydroxysuccinimide (NHS) Sigma Aldrich
6 Glutaraldehyde Sigma Aldrich
7 (3-Glycidyloxypropyl)trimethoxysilane (GPTMS) Sigma Aldrich
8 Bovine Serum Albumin (BSA) Sigma Aldrich
9 Tween-20 Sigma Aldrich
10 ATTO 520-Biotin Sigma Aldrich
11 Avidin (from egg white, lyophilized powder), FITC Conjugate Sigma Aldrich
12 Sodium Cyanoborohydride Sigma Aldrich
13 Sodium Periodate Sigma Aldrich
14 Sodium Acetate Sigma Aldrich
15 Ethanolamine Sigma Aldrich
16 Sodium Hydroxide Powder Sigma Aldrich
17 Photocleavable - Biotin - NHS - Ester Sigma Aldrich
18 IgG (from Rabbit Serum) Sigma Aldrich
19 Anti-Rabbit IgG (whole molecule)FITC antibody Sigma Aldrich
20 Bovine Serum Albumin (BSA) Sigma Aldrich
21 Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-100 Sigma Aldrich
22 N,N-Dimethylformamide Sigma Aldrich
23 Dimethyl sulfoxide (DMSO) Sigma Aldrich
24 2-(N-morpholino)ethanesulfonic acid (MES) Sigma Alrdich
25 Albumin from Bovine Serum (BSA), FITC Conjugate Thermofisher Scientific
26 Phosphate Buffer Saline(1X-PBS, pH 7.4) Thermofisher Scientific
27 Avidin (from egg white) Thermofisher Scientific
28 Sylgard 184 Silicone Elastomer Kit Dow Corning Corporation
29 SU 8 2000 Series Photo Resists (2000.5, 2010, 2015, 2035) MicroChem
30 SU8 Developer MicroChem
31 Silicon Wafers Wafer - Pro, US
32 Glass Wafers University Wafers
33 Transparency Photomask CAD/Art Services
34 ELISA Synblock BioRad
35 PSA Protein Fitzgerald Industries
36 PSA antibodies Fitzgerald Industries
37 Maackia amurensis Lectin - MAA/MAL II - FITC BioWorld
38 Unconjugated Maackia Amurensis Lectin II (MAL II) Vector Labs
39 Cy5 labeled Sambucus Nigra Lectin (Cy5-SNA) Vector Labs
40 Unconjugated Sambucus Nigra Lectin (SNA) Vector Labs
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[188] P. Damborskỳ, K. M. Koczula, A. Gallotta, and J. Katrlı́k, “Lectin-based lateral
flow assay: Proof-of-concept,” Analyst, vol. 141, no. 23, pp. 6444–6448, 2016.
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